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ABSTRACTS 

The Global Navigation Satellite Systems (GNSS) are evolving continuously 

and are being used in many applications across the world. The GNSS is used 

in electrical industries, the banking sector, the agricultural sector, the 

transportation and logistics sectors, etc. The architecture and operation of the 

GNSS is made up of three subdivisions: the space section, control section, 

and user section. The space segment consists of the satellite constellation to 

generate and emit the GNSS code phase and carrier phase signals. The space 

segment further stores and broadcasts the navigation data that is uploaded to 

the system by the GNSS controllers. For accurate Position, Velocity and Time 

(PVT), the satellite constellation must have at least three or four satellites 

visible to the GNSS receiver. The control segment is also known as the ground 

segment and is accountable for the complete operations of the GNSS. The 

ground segment further controls and preserves the conformation files of the 

satellite constellation, updates the navigation data to all satellites, controls the 

atomic clock of the GNS, and predicts the satellite ephemeris. The user 

segment is made up of GNSS receivers; their purpose is to receive the GNSS 

signal that contains the code phase and carrier phase to determine the 

pseudorange and other observables. There numerous issues that obstruct the 

application of the GNSS across all sectors mentioned above; those are signal 

attenuation in the satellite channels, signal diffraction, and signal multipath. 

Hence, this thesis focused on mitigating the GNSS multipath signal by 

investigating the concept of Combined Signal Detection (CSD). The purposes 

was to reduce the impact of signal degradation and further enable the GNSS 

receivers to withstand the signal degradation in deep rural areas.   There are 

numerous existing methodologies to mitigate multipath signal and improve the 

positioning, velocity and timing in urban areas. However, the proposed CSD 

approach provided the better performance by using the vector detection of all 

visible satellites to improve (DP) Direct Positioning , High Sensitivity (HS) and 

clock bias.  
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Furthermore, the capabilities of the Global Positioning Systems (GPS) and 

Galileo satellites are integrated to accommodate the adoption of CSD concept. 

The CSD concept require the GNSS receiver that is capable of processing 

multi-frequencies. The multi-constellation GNSS receiver use numerous 

satellites that are in space, such as Global Positioning Systems (GPS) 

satellites, BeiDou satellites, Galileo satellites, and Glonass satellites. 

However, the similarities between the constellations is investigated before the 

system is integrated for multi-constellation. The concept of CSD proved to be 

capable of mitigating the signal multipath without introducing an external 

device or circuit. This thesis further provided the comprehensive  analysis of 

sources that contribute towards the signal degradation. 
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CHAPTER ONE 

Universal introduction 

Chapter one briefly discusses the introduction of this research work and further provide 

the background, objectives and the structure of the thesis.  

1.1. GNSS background  

The concept of GNSS is the concept of determining velocity and time for stationary 

and dynamic applications using relevant integrated technologies and systems. In 

recent applications, the operation of the GNSS (GLONASS and GPS) is based on 

radio navigation-based schemes that utilize radio frequency (RF) signals [1]. There 

are appropriate sets of navigation data signals and codes that are modulated into the 

wave carrier. Hence, the receiver can calculate the definite distance to estimate how 

far is the satellite to the end user [2]. The time differential between reception and 

transmission is very crucial, and needs to be estimated accordingly by the relevant 

satellite and user on view.  

However, the huge setback is that the signal being received on Earth is very weak due 

to the long distances between the transmitting satellites and receiving antennas. Once 

the signal is weak, it becomes more vulnerable to signal jamming and interference [3]. 

Hence this vulnerability leads to signal degradation that increases the noise level in 

the signal, and in some cases, the receiver finds it very difficult to detect that signal, 

depending on the whole architecture of the system. Signal interferences and jamming 

are not the only causes of the weak signal; there are numerous factors that contribute 

to the signal weakening and degradation [4]. There are three popular categories of 

signal degradation in the context of GNSS applications, which are understood to be: 

• The GNSS architecture failure: This category of signal degradation includes all 

causes of destructions triggered by nearby satellites or, in some cases, the system 

architecture [5]. In this case, the evil waveform is generated and emitted from the 

satellite to the user, as illustrated in Figure 1.1. Hence, this cause of signal 

degradation is deemed to be intrinsic to the system and architecture of operation. 

• The satellite path failure: These types represent the atmospheric sources as the 

signal travels through the diverse atmospheric layers before reaching the receiver's 

antenna [6]. This also includes the Doppler shift caused by the relative movements 

between the satellite and the user. 
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• The receiver is positioned in a challenging environment; this is more of the signal 

veiling caused by the buildings, trees, weather, and multipath [7]. Most of the 

suggested solutions relating to signal destruction or diversion are user-based 

solutions. 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: The causes of the signal degradation during the propagation. 

The synchronization is currently a problem in the navigation scheme and is caused by 

the signal multipath and other relevant factors in the solar system. The satellite-based 

navigation system is carried out in an open-sky environment with numerous factors of 

the atmosphere involved [8]. Figure 1.1 illustrates the sources of signal multipath, 

attenuation, and other propagation errors in the interest of this research work for both 

fixed and mobile receivers. The signal multipath and attenuation along the satellite 

path are the points of interest for this research work because their impact can be 

mitigated at the user level. The signal multipath is the main source of signal errors in 

GNSS applications and is subject to the nature of the user's location. Urban areas are 

exposed to higher multipath errors compared to rural areas. 

 

 

 

 



3 
 

1.2. The GNSS synopsis 

In this thesis, the first generation of the global navigation system is called GNSS1, and 

the second generation, a part of which is still under development, is called GNSS2. 

Currently there are two operating systems: the American Global Positioning System 

(GPS) and the Russian GLONASS. The first satellite-based navigation satellite was 

launched in 1970, and recent innovative technologies have enabled the world to 

devote radio wave communication to the sky or space [9, 10].  

According to the recent studies, the currently used global navigation satellite system 

for both (GLONASS and GPS) and the anticipated GNSS2 share the identical 

operating ideologies and the procedures if observing their signal structure [11, 12]. 

Hence, both GLONASS and the GPS satellites are equipped to transmit the 

fundamental signals one or several adhering to Direct Sequence – Spectrum Signal 

(DS-SS) with the precise data called navigation message. The navigation message 

contains two segments: the location and the time of the mark found in the transmitted 

DS-SS signal. Most of the GNSS receivers obtain the distance approximation from the 

satellite using the calculated propagation delay of the specific direct signal and the 

final data on the user strongly depend upon the correctness of the propagation delay 

measurements [13, 14].  

The relevant stakeholders approved the GPS in 1973, and the first satellite was 

launched in 1978. Many GPS-based satellites were launched into space, and by 1993, 

the GPS had 24 satellites in orbit, with a target of 33 satellites by then [15, 16]. The 

first aviation use of the GPS was declared in 1994. The recent demand for innovative 

navigation systems, as well as an incident involving poor navigation, have prompted 

plans to modernize the GPS; details can be found in [6, 16, 17].The GPS Block IIR-M 

and IIF are designed and prepared to transmit the unencrypted L2 Civil Signal (L2CS) 

using the second carrier frequency link [18].This will result in an easier and more 

consistent tracking of the transmitted signal [19]. Furthermore, the GPS has an 

additional signal called L5, and this is an open signal with a centre frequency of 

1176.45 MHz [20]. The L5 frequency link is available on the GPS IIF and GPS III, 

respectively [21]. The inclusion of L2CS and L5 was intended to improve GNSS 

tracking of the carrier phase using the carrier to aid in ambiguity resolution for recent 

applications with the recent receiver adhering to the GPS satellite update[13, 14, 22].  
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The Russians followed the same approach to launch their spacecraft (COSMO1413) 

project called GLONASS in 1982. The GLONASS system was put into full operation 

in 1993. The GPS is better than the GLONASS in positioning applications, and the 

GLONASS is highly recommended in high-latitude areas. The GLONASS satellite 

constellation had at least 24 satellites. The GLONASS system is not fully operational, 

but it is linked to the GPS systems to improve precision. The augmentation for GPS 

and GLONASS was introduced to satisfy the necessities of accuracy and reliability for 

GNSS applications [23]. The augmentation programs were widely adopted and 

classified as the Local or Wide Area Augmentation System (LAAS, WASS) in the USA, 

EGNOS in European countries, and the Multi-functional Satellite Augmentation 

System (MSAS) in Japan [24].The propagation delay of the GNSS signals and 

navigation data are usually obtained from three to four anonymous satellites to 

calculate the location coordinate, and one satellite is used for receiver clock error 

estimation with the triangulation procedure being used to compute the antenna 

location [22, 25]. However, there is only one signal that is able to propagate through 

the direct path to the receiver to calculate the required solutions. 

1.3. The GNSS measurement and data modelling 

The satellites for user measurements such as carrier phase and code have several 

supplementary time delays related to the signal propagation in the direct path. 

Furthermore, as shown in Figure 1.2, the clocks cause an additional time delay and 

geometric range between the user and the satellite. The nature of these delays is 

similar in the measurements for carrier and code [26]. The diverse delays are 

represented by the ionosphere refraction and the uncertainties that affect the range 

and existence of the carrier phase. Furthermore, there is a strong interaction between 

the satellite radio wave pattern and the peripatetic electrons in space, and the 

ionosphere refractive index is highly dependent on the frequency [27, 28]. The 

ionosphere is anticipated to be the dispersive medium for the radio wave pattern [29]. 

If the ionosphere is the dispersive medium, there are two velocities to be considered, 

the group and the phase velocity [30]. The phase velocity is referring to the phased 

broadcasting of the uniform wavelength for electromagnetic waves. The group velocity 

is the propagation of the wavelength in the form of groups at different frequencies.  
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Figure 1.2: The pseudo-range measurements content[31]. 

There are two parameters to represent the signal propagation delay, the carrier phase 

and the complex envelope delay [32].  Hence, the signal processing unit integrated in 

the GNSS receiver has the vital duty to measure these binary parameters [33].  

These are dual parameters, also called observables. Once the observables are 

processed, they are then transferred to the navigation data processor to complete the 

calculations of the time and location. The parameter of the complex signal that is fed 

to the navigation processor is aCS(t) =  e−2πFCSt, the scale of the light speed is δ0  and 

is used to define and compare this signal to the proportionate signal that would turn 

out to be a(t −  δ0)e−2πFCSδ0 e−2πFCSt  if the propagation was assumed to be ideal, and 

the a(t)  is the pseudo-range time delay. With regard to the pseudo-ranges, the ranges 

measured differ from the real distance for the fixed applications because of the clock 

offset incorporated in the receiver, and the value of the δ0 dignified from the phase 

term e−2πFCSδ0 of the received proportional signal is referred to as the carrier phase in 

this case [34]. This GNSS observable is quite accurate; it adds accuracy to the 

pseudo-range, and thermal noise is expected to produce an error of about 5 

millimeters in GPS applications, which is deemed insignificant.The carrier phase and 

the pseudo-range are used in high-end receivers integrated with advanced signal 

processors. However, this does not completely insulate the GNSS receiver from the 

error that tends to degrade the accuracy of the navigation system [35].  
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The spread spectrum modulation provides an acceptable level of signal anti-jamming 

protection, and the received power is relatively low, at about -160 dBW for GPS 

applications. However, the GLONASS and GPS signals remain susceptible to the 

numerous sources of jammers. The GNSS residuals of the predicted and measured 

pseudo-range, carrier, and code comprise an approximate clock offset and the position 

error for the receiver. Furthermore, residuals are believed to also contain the 

measurement noise error, and these residuals are used as the input data for 

navigation. The satellite-based navigation uses radio beams that were invented a long 

time ago, around 1900. The following radio navigation systems were developed in 

accordance with all relevant spectrum requirements: 

• The Transit system is known as the Navy Navigation Satellite System (NNSS). This 

radio wave system was designed to use the Doppler shift frequency to compute 

the receiver’s location [36, 37].  

The Transit system was developed between 1964 and 1996, since when the fixed or 

dynamic user has been able to compute the positions using the data signals from the 

satellite constellation [38]. 

• The Decca Navigation System (DNS): this system was mostly used in aviation and 

maritime applications. The user was computing their location by measuring the 

differential time between the transmitted and received signals [39]. The DNS is no 

longer in use as from 2000. 

• Long Range Navigation (LORAN): This radio navigation system enabled the user 

to calculate its location by measuring the time differential between the receipt of 

the transmitted radio signals [40]. The results were represented in the hyperbolic 

graph to draw the line of position [41].Satellite-based navigation, like other satellite 

applications, takes place in an open sky environment, and good line-of-sight (LOS) 

reception conditions and a large number of observable satellites distinguish such 

applications [42]. The satellite navigation system recitals are defined in terms of 

the following: 

• The integrity: This is defined as the reliability of the data supplied by the satellite 

navigation system to the GNSS receiver [43, 44]. 

• Availability: This is referring to the availability of the navigation data to the user 

whenever it is required. The navigation data must be available continuously [45]. 
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• Coverage: The GNSS signals emitted by the space satellite are adequate to 

precisely compute the location in this space volume [46]. 

• Accuracy: This is the level of conformance for the measured and calculated 

location for the user [47]. 

1.4. Problem statement and motivation  

The use of GNSS for positioning, velocity, and time is becoming increasingly popular, 

and innovative GNSSs are critical for evolving and future GNSS applications. GNSS 

is capable of providing a wide range of services to both civilian and military applications 

worldwide. The performance of the GNSS in outdoor locations, especially in rural 

areas, is appealing. However, GNSS use has expanded into urban areas and indoor 

applications for both stationary and mobile users. The indoor and urban areas are 

considered to be challenging environments for GNSS applications. The buildings 

obstruct the GNSS signals in urban areas, and the walls or roof, as shown in Figure 

1.3 masks indoor signals. In urban areas and indoor applications, GNSS accuracy and 

reliability are greatly reduced [48]. The GNSS architecture consists of three segments 

that are responsible for the complete processing of the GNSS signals, the space, 

control, and user segments [49]. The GNSS satellites generate and emit the satellites 

through the propagation channels to the user on the ground (e.g., car), in the air (e.g., 

aircraft), and on water (a ship or boat). The satellite generates the signal that contains 

a code phase and a carrier phase. 

 

 

 

 

 

 

 

 

 

Figure 1.3: The indoor GNSS application and their power losses.  
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Figure 1.3 illustrate the power losses for GNSS indoor applications and the concrete 

floor is the major cause of the GNSS power losses followed by the concrete wall. Along 

the transmission of the signal to the receiver, numerous delays are anticipated, 

including the satellite clock offset, relative clock correction, satellite instrument delay, 

geometric range delay, ionospheric delay, tropospheric delay, receiver clock offset, 

and receiver instrument delay. These measurements in signal propagation from space 

to receiver are referred to as pseudorange and are depicted in detail in Figure 1.3. The 

movement of the generated signal waveform from the satellite to the receiver through 

the earth's layers is referred to as GNSS signal propagation [3]. The Earth layers 

impose serious threats to the signal waveform generated in space [4]. The GNSS 

multipath signal is the major contributor of signal distortion and poor signal strength in 

GNSS applications. Hence, the purpose of this research is to develop the numerical 

algorithms to estimate the existence of the multipath signal and further adopt the 

Collective Signal Detection (CSD) method to mitigate the impact of multipath signal.  

1.5. The thesis objectives  

There has been a remarkable development in the sphere of satellite navigation 

systems since the first threat to navigation data was experienced. The first American 

Navstar GPS unlocked the application for the market at large, and the Russians 

followed with a similar approach with their system, GLONASS. The imminent 

European Galileo is the topic of interest in this dissertation. The literature of this 

research incorporates numerous features of GNSS applications; however, numerous 

problems remain unresolved to some extent. As conferred above, this research 

proposes a user-based multipath mitigation technique that is flexible and based on the 

influence of the static or mobile user environment. 

The signal to the GNSS receiver is obtained from space or air via the antenna for 

signal sampling and down conversion in order to perform dual signal processing, 

synchronization, and positioning in a sequential order. The multipath remains the 

leading cause of errors, this thesis proposes the use of GNSS multi-constellation and 

combined signal processing to address the common problem encountered by the 

GNSS receiver in its final stage of signal processing for synchronization and 

positioning.  This will improve the signal strength and the reliability of GNSS 

applications. With all the motives being mentioned, the inclusive objectives of this 

research work are: 
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1. The main objective is to adopt Combined Signal Detection in multi-signal GNSSS 

receivers to minimize the impact of signal multipath and attenuation along the 

satellite path. 

2. Investigate  the similarities between the GPS and Galileo baseband signals to 

justify the integration of these two systems in the process of adopting the CSD. 

3. Study and analyse the concept of GNSS multi-constellation in order to support the 

adoption of the Combined Signal Detection 

4. Investigate the sources of the signal degradation in GNSS receivers through an 

analysis of the effect of data bit transitions and the Doppler effect. 

5. Evaluating the performance of Combined Signal Detection and further analysing 

the satellite availability in multi-signal GNSS applications 

6. To investigate the detection of new multipath signals if using multi-signal GNSS 

receivers, and further derive the standard deviation of the covariance correlator 

output. 

1.6. The thesis overview and arrangement  

This thesis consists of seven chapters, with each chapter arranged to offer a 

perception of the actual content and intensity of the work carried out in this study. Each 

chapter also offers an insight on how the administrative objectives of this thesis are 

achieved. Chapter 2 provides an inclusive analysis of the global navigation satellite 

systems, the GNSS applications, and the description of the signal frequency bands 

and structures. A brief discussion of regional augmentation systems is provided, as 

well as the GNSS receiver's basic architecture and data processing techniques. 

Chapter 3 provides a comprehensive review of multipath propagation. This includes 

the discussion on the multipath detecting techniques, the monitoring techniques, the 

mitigating techniques, and the inclusive review of the multipath related information. In 

Chapter 4, the responsive concept of Combined Signal Detection (CSD) is introduced, 

tested, and analyzed using numerical algorithms. For the signal model that has been 

introduced, the front-end is presumed to be impeccably calibrated in relation to the 

appropriate standard; however, perfect calibration demands challenging technologies 

and computation, so the second version of the signal is also provided and is deemed 

to be amorphous. 
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The purpose of this approach is to analyze the arithmetical behavior of the multipath; 

this will further allow the removal of all undesirable signals through the exploitation of 

all possibilities provided by the CSD concept. In Chapter 5, the additional sources of 

the GNSS signal degradation are investigated. Most of the degradation sources in 

chapter five are resolved using differential methodologies, which are not possible with 

GNSS multipath signals. The collective description of the GNSS receiver is introduced 

in this chapter as an attempt to mitigate the signal multipath. In this way, the hybrid 

GNSS receiver is considered in the context of the GNSS multi-constellation to mitigate 

the multipath signal. This approach is intended to mitigate the impact of GNSS signal 

multipath. Chapter 6 analyzes the performance of the CSD methodology and the 

GNSS multi-constellation arrangements. Chapter 7 provides the conclusion of this 

study and the recommendations for future research regarding the CSD and multi-

constellation methodologies to mitigate the GNSS signal multipath. 

1.7 Publications and research outputs 

The publications listed here, are provisions forming part of this research thesis with 

attendances in peer-reviewed conference proceedings and credited journals 

Book chapters  

1. Bheki Madonsela, Innocent Davidson, Chrispin Mulangu, The Analysis of Global 

Navigation Satellite Systems (GNSS) and the Numerical Estimation of Multipath 

Propagation. In: Bauk S., Ilčev S.D. (eds) The 1st International Conference on 

Maritime Education and Development. Chapter 39, pages 411-425, Springer, 

Cham. https://doi.org/10.1007/978-3-030-64088-0 39. 25 March 2021. ISBN 978-

3-030-64087-3, Online ISBN 978-3-030-64088-0.  

2. Bheki Madonsela, Innocent Davidson and Crispin Mulangu, "Integrating DNP3 

Devices into IEC61850 Server”. Interdisciplinary Journal of Economics and 

Business Law, Vol. 8, Special Issue 2019, pp. 264-285. ISSN (Online): 2047-8755  

Peer-reviewed conference proceedings 

1. Bheki Madonsela; Innocent Davidson, and Emmanuel Mukubwa, “The Use of the 

Carrier to Noise Ratios (C/N0) to Alleviate the Problematic GNSS Phase 

Multipath”. In Proceedings of 2022 30th Southern African Universities Power 

Engineering Conference (SAUPEC), Durban International Convention Centre, 

Durban, South Africa, 25-27 January 2022, DOI: 

10.1109/SAUPEC55179.2022.9730774  
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2. Bheki Madonsela; Innocent Davidson; Chrispin Mulangu, “The Influence of the 

Signal Distorsions on the Satellite Based Navigation Systems”. Proceedings of 

2021 Southern African Universities Power Engineering Conference/Robotics and 

Mechatronics/Pattern Recognition Association of South Africa, Potchefstroom, 

South Africa, 27-29 Jan. 2021, doi : 

10.1109/SAUPEC/RobMech/PRASA52254.2021.9377223  

Journals articles: (Under review)  

1. Bheki Madonsela; Innocent Davidson, Emmanuel Mukubwa: Evaluating and 

Quantifying the Performances of the GNSS Signal Acquisition Techniques. MDPI 

2. Bheki Madonsela; Innocent Davidson, Emmanuel Mukubwa: Analyzing the ML-

Based Algorithms for GNSS Data Bit Synchronization and Decoding.  MDPI 

1.8.  The Contribution of the study  

The following are the innovative contributions found in this research work to the current 

body of knowledge regarding GNSS applications and operational architectures: 

1. The second chapter provides a comprehensive review of GNSS architecture, 

GNSS frequencies, and widely available civil GNSS constellations. 

2. In chapter four, the concept of combined signal detection is proposed as the 

function of Doppler frequency and GNSS code phase for all visible satellites. 

Furthermore, there are six steps that are proposed to assist with the 

implementation of the combined signal detection.   

3. Developed a procedure for detecting new or additional multipath signals in the 

event that the previous estimation was erroneous. The procedure to detect the 

new path is further used to evaluate the performance of the combined signal 

detection.   

4. GNSS plays crucial role in economic development in applications such as: 

agricultural production, utility industries, logistics, emergency services and 

leisure. Hence, an improvement to the concept of GNSS technologies will 

increase the efficiency of above mentioned applications of which they are key 

drivers of economic growth and sustainability. 
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CHAPTER TWO 
Literature review 

  
In chapter two, the state of art of the GNSS is discussed. The satellite 

constellations, their signal structures and frequency bands are 

comprehensively discussed.  

2.1. Background  

The general concept of identifying the appropriate systems that allow the 

calculation of the position using the satellite constellation is called Global 

Navigation Satellite Systems (GNSS). As stated in Chapter 1, there are two 

well-known GNSS networks that existed long ago: the American GPS and the 

Russian GLONASS. Numerous research projects are being carried out to 

improve the GPS's worldwide coverage and effectiveness. Not so long ago, 

two GNSS networks were developed, the European Galileo and the Chinese 

BeiDou, which are referred to as the GNSS 2 [50]. The GPS and Galileo are 

using the same operating principle, where the measured distance between the 

user and the set of observable satellites is used to calculate the position of the 

user by estimating the propagation time of the emitted signals.  

These signals are from each of the space satellites to reach the end user and 

evolve around the appropriate time synchronization of devices. The 

synchronization of devices is the most important aspect when dealing with 

positioning systems. The content of this chapter will present the theoretical 

background based on the ground satellite receivers, including a 

comprehensive description of the signals emitted by the satellite and the 

deviations that they go through just before reaching the ground-receiving 

antenna. The focus will be on the signal processing tasks that are performed 

by the system receivers such as time delay estimation, carrier stage, and 

received signal Doppler shift. The comprehensive literature regarding the 

GNSS provided in this chapter adheres to the objectives of the thesis. 
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2.2. The Satellite communication procedure 

The basic and early generation structure of the satellite is made up of the 

following units: the satellite bus section, crosslink antenna, solar panel array, 

gate away antenna, battery and radiator, communication section, and the 

satellite payload [51]. Amongst these units, there are two that are most 

essential: the satellite bus unit and payload unit, respectively. However, for 

profound missions, there may be a supplementary service support unit [52]. 

The satellite bus units contain all necessary support functions for the satellites. 

Namely: 

• The Telemetry, Tracking, and Control (TT&C) RF link 

• The Guidance Navigation and Control (GNC) systems, which are 

integrated with the On-Board Computer (OBC), 

• The propulsion, including the fuel tanks and the thrusters 

• The Attitude Orbit Control System (AOCS) 

The payload units of the satellites provide the personalized payload for its 

operation. In many cases, the payload of the satellites is in the form of 

processing transponders.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.1: The satellite structures[31].  
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The uplink is used for the information that is transmitted from earth transmitting 

station to satellite, whereas downlink is the path   to transmit the information 

from the satellite to earth receiving station [58]. 

2.3. The GNSS architecture 

The GNSS is the collective and generic term that defines the concept of 

satellite-based navigation systems that are used to obtain the position required 

by the user over the globe [59]. Three segments complete the GNSS 

architecture (the space, control, and user segments). The space segment is 

made up of the space satellite that is responsible for the signal transmission 

[60]. The control segment is made up of appropriate control centres to ensure 

adequate functioning of the entire navigation system [61, 62]. Lastly, the user 

segment includes the GNSS receiver that uses the information obtained from 

other satellites to compute the position [63]. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: The architecture of GNSS systems [64].  
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This architecture is used to separate the responsibility of each segment from 

the next. Here in Figure 2.3, it is shown that the key purpose of the space 

segment is to generate and emit carrier and code signals over the open space 

of the earth. The space is also able to broadcast and store the navigation data 

message uploaded by the ground segment. The extremely stable atomic clock 

integrated into the satellite controls and administers signal transmission, and 

the space must have a sufficient satellite constellation to ensure that at least 

three to four satellites are simultaneously observable from any point on Earth 

[65] .Each satellite constellation has a dedicated control segment to perform a 

similar function in a different way [66]. The control segments are used to 

update the navigation-related messages in all satellites, use the satellite 

integrated atomic clock to maintain the GNSS time scale, preserve the 

configurations and the statuses of the satellite constellations, and envisage the 

satellite clock evolution and related ephemeris [67]. The control segment of 

the GPS is represented in Figure 2.4, the Glonass in Figure 2.5, and the 

Galileo in Figure 2.6. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: The control segment of the GPS [68]. 
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The ground or control segment of the GPS is made up of five comparative 

stations in the ground: the Master Control Station (MCS), the alternative 

Master Control Station (AMCS), and the Ground Antennas (GA) [69]. the 

Monitoring Stations from the United States Air Force (MS-USAF) and the 

Monitoring Stations from the National Geospatial-Intelligence Agency (MS-

NGA). The data being collected across the globe is sent to the MCS to estimate 

satellite orbits, clock errors, and generate the navigation-related message after 

an advanced processing step [70]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: The Glonass control segment [71]. 

The infrastructure of the Glonass controls segment is made up of the following 

stations: the System Control Centre (SCC), the Centre (SCC), Central 

Synchronizer (CC-M), the Telemetry, Tracking and Control (TT&C), the Laser 

Station (LS) and the Monitoring Stations (MS) [71]. 
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Figure 2.6: The Galileo ground segment [72]. 

The ground segment for the Galileo is different from the GPS and Glonass 

control segments. The Galileo control segment is designed to provide the 

hybrid communication network to interrelate the Ground Control Centre (GCC) 

with the Uplink Stations (ULS), Galileo Sensor Stations (GSS), and the 

Telemetry, Tracking, and Control units (TTC) [73]. The last integrated segment 

in the global navigation systems is the user segment, which is composed of 

the GNSS receiver. The main function of the user segment is to receive the 

GNSS signals from all the observable satellites to determine the pseudorange 

and use the navigation equations to calculate the user’s locations and provide 

the precise time [74]. The GNSS receiver is made up of the microprocessor, 

radio frequency unit, time precision oscillator, data feeding source, and data 

memory unit. The antenna plays a crucial role in the accuracy of the calculated 

position [75]. The GNSS satellites are continuously transmitting the navigation 

signal at higher frequencies assigned to those satellite constellations. The user 

will use that data to compute the location [76]. The transmitted signal contains 

the navigation information and the range codes, and the three components of 

the signal, also known as the PRN sequences, are explained as follows: 
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• Navigation data is a binary code message that provides data on the satellite 

orbit, such as satellite position, velocity, and health status [77]. 

• Ranging code: Once the zero and one sequence is reached, the receiving 

equipment will calculate the radio signal's travel time from the satellite to 

the user [78]. 

• Carrier: This is the sinusoidal waveform of the radio frequency at any 

frequency level. 

• The ground system's architecture may differ from one another. However, 

the basic architecture must include the devices required to connect the 

space segment and the ground segment networks [78]. 

The ground segment is referring to any user or facility at the ground level, 

which includes vessels, vehicles, aircraft, and stationary buildings that are 

fitted with antennas to receive the signals. 

2.4. The GNSS frequency distribution 

The GNSS uses different frequencies based on their constellations, and the 

frequency bands are distributed along the spectral density and satellite 

constellations [79]. The GNSS users must fall into the prescribed frequency 

bands. The radio frequency spectrum is shared amongst numerous services 

such as cell phones, microwaves, radar satellites, televisions, and radios [26]. 

The spectral frequency has two major frequency bands, the Radio Navigation 

Satellite Services (RNSS) and the Aeronautical Radio Navigation Services 

(ARNS) [80]. The ARNS have two bands, the lower and upper bands, as 

shown in Figure 2.7. 
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Figure 2.7: The GNSS frequency bands [80]. 

From Figure 2.7, it is shown that the GPS L1, GLONASS G1, BeiDou B1, and 

Galileo E1 fall within the upper band of the electromagnetic spectrum. [19]. In 

applications where high accuracy and reliability are required, the GPS L1 and 

L2 frequency bands are used. The GPS L1 and L2 have the capability of 

removing uncertainties causing the ionospheric errors. 

The GPS frequency links shown in Figure 2.7 have the following 

characteristics 

• GPS L5: The signal emitted from this frequency link have higher chip rate 

and improved abilities to handle the multipath in challenging environments 

compared to GPS L1 link [81].  

• GPS L2: This frequency link has the longer code phase and improved 

correlation functions. These abilities are required in locations where the 

coverage of the GPS is poor and the signal weak such as indoor and urban 

area applications [82].  

The GNSS signals in RNSS and ground radar are more vulnerable to the 

signal interference to the similar extent of the upper and lower bands 

frequencies [83]. 
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2.5. The GNSS spectrum signal structure 

In this section, the GNSS baseband signal is introduced. The operating 

principles of both Galileo and the GPS are comparable and are grounded in 

the concept of direct sequence spread spectrum (DSSS) signal transmission 

[84]. With the numerous satellites being observable to the user, Code Division 

Multiple Access (CDMA) transmission is enabled for the signals to involve two 

sets of crucial components [85]. These components, the signal ranging code, 

also known as the pseudo-random noise (PRN) spreading sequential code, 

and the data link, considered to be at the low rate used to transmit the 

appropriate information regarding the positioning. The arithmetic 

representation of the composite baseband signal model being transmitted by 

the 𝑥𝑡ℎ satellite is expressed as following.  

ST,x(t) =  SI ,x(t) +  jsQ,x(t)                                                                          

(2.1)                                                                                                                     

Equation 2.1 contains the real part as the phase waveform, or sine waveform, 

and the imaginary part as the quadrature, as the cosine waveform. For 

simplicity and for further analysis, this is expanded as follows: 

 

SI ,x(t) = √2PI qI ,x(t)                                                                                   

(2.2)                                                                                                 

             =  ∑ dI,x (mI) ∑ ∑ cI,x

LCI

kI= 1

NCI
uI=1 (kI)

∞
mI= − ∞ gI (t −  mITbI −  uITPRNI

−

                   kITcI)                                                                                                          (2.3)                                       

 

sQ,x(t) = √2PQ qQ ,x(t)                                                                                 

(2.4)                                                                                                                                                                                                                                                                                         

             =  ∑ dQ,x (mQ) ∑ ∑ cQ,x

LCQ

kQ= 1

NCQ

uQ=1 (kQ)∞
mI= − ∞ gQ (t −  mQTbQ −

             uQTPRNQ
−                kQTCQ)                                                               (2.5) 

 

where the: 

• PI represents the transmitted power that deemed to be equal for observable 

satellites. 

• dI,x (t) is the low-rate data bit sequence that is between [ -1, 1] of the bit 

period TbI 
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• cI,x (t) represent the sequence of the PRN distribution along with the chip 

length LCI
and the chip period NCI

 that is ranging in between [-1, 1]. 

• gI this is the shaping pulse  

The general description of the function above includes both the in-phase signal 

component and the quadrature signal component. The transmitted power must 

be controlled monitored by inserting the δ = 1, hence, the elements of the new 

equation will be: 

pI (t) = ∑ qI
Nc1−1
u=0 (t − uTPRNI

)                                                                                   (2.6) 

pI (t) = ∑ cI
Lc1−1
k=0

(k) gT,I(t − kTC1)                                                                           (2.7) 

 

STR =  √PTotal (δ ∑ dI
∞
m= −∞ (m)PI(t −  mTbI) + j√1 − δ2  ∑ dQ(n)∞

n= −∞ pQ( t −

 nTbQ))                                                                                                        (2.8) 

 
The DSSS signal transmission is condensed and compared to the BPSK 
modulation as it is possible with GPS systems, the element to control the 

spectral power is δ =
1

√2
 and for the simply pattern the total transmitted power 

will be PTotal = 1. Furthermore, the  LCQ
=  LCI 

, NCQ
=  NCI

 , TbI =  TbQ 

 

ST,BPSK =
1

√2
∑ dI,x (mI) ∑ ∑ cI,x

LCI
−1

k= 0

NCI
−1

u=1 (kI)
∞
mI= − ∞ gT (t − kTc −   mTb −

 uTPRN)                                                                                                                (2.9)         
 

ST,BPSK =
1

√2
∑ dI,x (m) p(t − mTb)   

∞
mI= − ∞                                                             (2.10) 

 
The signals are transmitted to reach the user through the radio wave 

propagation channel and the propagation channel modifies the original signal 

amplitude ax,m(t), delay τx,m(t) and phase  θx,m(t), in many applications with 

the multipath being considered. The nearby ground objects are anticipated to 

reflect the GNSS signals in many applications, therefore more than one signal 

will reach the receivers antenna coming through the different paths [86, 87]. 

The activities of the propagation channels are monitored and modeled using 

the impulse response of the linear time variable channel with the additional 

multipath (M) signal to the direct signal [88]. The propagation channel to model 

and monitor the multipath is:  

Px,m
Channel =  ∑ ax,m(t)ej  θx,m(t)M−1

m=0 δ ( t − τx,m(t))                                           (2.11) 
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2.6. Global Navigation Satellite Systems (GNSS) 

constellations 

This section presents first GNSS constellation that is fully operational and the 

second generation of the GNSS satellite constellation that is still under 

development [89]. There are four satellite constellations represented, two for 

GNSS1 (the first generation) and two for GNSS2 (the second generation). 

There are four satellite constellations represented, two for GNSS1 (the first 

generation) and two for GNSS2 (the second generation). 

Table 2-1: The summary GNSS1 constellation  

Title  Traditional GNS Generation  

The 1st GNSS GLONASS (Russia) GPS (US) 

Number of satellites 24 24 

Satellites types  LEO LEO 

inclination orbit 
64,8° 55° 

Altitude of the satellites 
19,100 km 20,200 km 

Frequency Bands and 
Modulation  

L1=1602/L2=1246 MHz 
BPSK/FDMA 

L1 = 1575.42/L2 = 
1227.6 MHz 
QPSK/CDMA 

Codes and signal 
characteristics 

SP (standard precise 
code) 
HP (high precise code) 
Repetition of HP = 
1week 
Repetition of SP = 1ms 
Chipping rate of HP = 
10.23 Mb/s 
Chipping rate of SP = 
1.023 Mb/s 

C/A (code) 
P (precise code) 
Repetition of C/A = 
1ms 
Repetition of P = 
1week 
Chipping rate of P = 
10.23 Mb/s 
Chipping rate of C/A = 
1.023 Mb/s 

Period of circulation 11,15 hours 11,58 hours 

Accuracy (Vertical and 
horizontal speed) 

Horizontal (SP) = 5-10 
m 
Vertical = 15 m 
Velocity vector = 10 m/s 

Horizontal (C/A) = 5-
10 m 
Vertical = 15 m 
Velocity vector = 10 
m/s 
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Table 2-1 above represents the first generation of GNSS, denoted by GNSS1, 

and the second generation of GNSS (GNSS2) was recently launched and is 

expected to be fully completed in the nearest future. The GNSS2 (Compass or 

BeiDou and European Galileo spacecraft) are not fully completed yet; hence 

the characteristics comparison can be drawn as following in Table 2-2.  Lately, 

the GNSS systems are gradually becoming more important globally because 

of their huge influence on economic growth. GNSS also acts as a 

synchronizing system for accurate time measurements; however, the GNSS 

systems do not carry out the navigation task directly. The purpose of the GNSS 

systems is to define the position of the receiver within the specific coordinate 

system at a specific time. 

Table 2-2: The summary GNSS2 constellation 

Title  Recent GNSS Generation  

The 2nd GNSS BeiDou (China) Galileo (Europe) 

Number of satellites 35 30 

Satellites types 
27 MEO/5 GEO/3 
IGSO 

30 MEO 

Frequency Bands and 
Modulation  

E2 = 1561/E2 = 1589 
MHz 
E6 = 1268/E5b = 
1207 MHz 
QPSK and 
BPSK/CDMA 

E5a = 1176.45/E5b = 
1207.14 MHz 
E5(E5a+ E5b) = 1207.14 
MHz 
E6 = 1278.75/E1 = 
1575.42 MHz 
BPSK and 
BPSK(m)/CDMA 

Accuracy (Vertical and 
horizontal speed) 

Horizontal (C/A) = 3 - 
5 m 
Vertical = 3 - 5 m 

Horizontal (SP) = 4 - 5 m 
Vertical = 4 - 5 m 

 
The GPS satellite calculates the information relating to the location by ensuring 

that all satellites visible from the line of sight have a similar time [34]. This is 

attained by adhering to the reference common stratum (sequence 1) timing. 

Furthermore, the positions of all satellites are known; hence, the ground station 

receiver subtracts the signal transmission time. (That is encoded to the 

transmitted signal) (TST) from the signal arrival time (TSA)  . The time difference 

can be then used to calculate the pseudo-range (PR)  to the satellite using the 

following expression. 

 PR  = TSA - TST                 (2.12)                                                                                                                                                                                                                                                                         
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The geometrical modelling of four or more of these measurements allows the 

calculation of the receiver’s location and further allows the time error 

estimation at the receiver. The Navstar GPS is using the Low Earth Orbit (LEO) 

satellites. 

2.7. The GPS spreading code and signal structure  

Three Right Hand Circularly Polarized (RHCP) radio frequency links are used 

to integrate the GPS space segment into the GPS navigation system. Those 

frequency links are L1, L2, and the envisaged link, which is L5 [90]. The 

inclusion of the third frequency link is to achieve faster data acquisition for all 

kinematic positioning applications and improve data response compared to 

double band frequencies [91]. The frequencies for the L-band class need one 

or more-bit trains for modulation, where each bit train is formed by modulo-2 

supplementing the pseudo-random noise (PRN) code [92, 93]. In this case, the 

system for downlink data is called navigation data, or NAV data. Previously, 

the GPS used to transmit signals on dual radio frequencies in the L bands 

known as Link 1 and Link 2, respectively. Both links are derivatives of the 

fundamental frequency of the 𝑓0 = 10.23 MHz. There are two services used in 

GPS system. 

• The Standard Positioning Services (SPS) – this GPS open service used 

globally and is free of charge denoted by the single frequency in the L1 

frequency band [94]. 

• The Precise Positioning Service (PPS) – this is the restricted service 

preserved for military use [95]. PPS is using both L1 and L2 respectively 

and uses the CDMA to transmit the diverse signal on the similar radio 

frequency based on BPSK [96].  

The GPS systems were later modernized to include the supplementary link 5 

in the frequency band and new ranging codes of the diverse frequencies. 

Those codes are L2C, L5C and L1C and M code for military [97, 98]. 
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Figure 2.8: The Legacy and modified GPS frequency bands [99]. 

Figure 2.8; represent the traditional and modernized GPS frequency bands 

with the inclusion of L5 and the modulating scheme. According to [100], the 

PRN codes, also known as the gold codes, were selected for this application 

because they have the required properties that include simplicity of 

implementation and cross-correlation. Hence, the GPS receiver is designed 

and equipped to perform the correlation to extract the timing of the signal and 

further recover the Navstar GPS satellite data. Sometimes, the receiver has 

many satellites in view; in that case, all visible satellites must be separated to 

perform unique data recovery and timing. Hence, the system will then reject 

the demands for self-interferences for the spectrum spreading codes with 

upper and lower cross-correlation. It must be noted that the gold codes or PRN 

codes are linear combinations of two maximum length sequences (M-

sequences) having different offsets [101]. 
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The gold codes have autocorrelation and cross-correlation of the following 

values: [-1, - x1(m),x2(m), -2 ], and the following mathematical expression is 

developed.  

x1,2 (t) = { 2 
𝑚+1

2 + 1  

2 
𝑚+2

2 + 1     
}                                                                                                       (2.13) 

2 
𝑚+1

2 + 1  , in this case, the m code is the odd number 

2 
𝑚+2

2 + 1 , in this case, the m code is even number 

This expression shows that, the generation of the gold codes is comparatively 

simple, the gold codes is made up of modulo-2 sum with two Linear Feedback 

Shift Register (LFSR) outputs and the feedback are defined as the polynomial 

feedback [102]. Following are the forthcoming and currently used Navstar GPS 

spectrum spreading codes: For GPS L1 at the carrier frequency of: 1 575.420 

MHz. 

2.7.1. The C/A spectrum code  

This is the PRN C/A code that is used for Space Vehicle (SV) number 

estimated to be one (1) millisecond length with the chip rate of 1023Kbps and 

their pattern are linear [103]. They are generated by modulo-2 that is having 

dual subsequences called G1 and G2 respectively. The G1 and G2 sequential 

functions are generated by 10 – multistage LFSR referring to the following 

polynomial arithmetic that is adhering to the concept of the shift register [104].  

G1: 1 + 𝑦3 + 𝑦10                                                                                  (2.14) 

G2: 1 + 𝑦2 + 𝑦3 +𝑦6 +𝑦8+𝑦9 + 𝑦10          (2.15) 

2.7.2. The P spectrum code  

This is the PRN P code that is used to denote the SV number that is seven (7) 

days in length with the chip rate of 10.23 Mbps and their dual subsequences 

are referred as X1 and X2, respectively.  The length of X1 is 15, 345, 000 chips 

and X2 is 15,345,037 chips, respectively. Both subsequences are generated 

by modulo-2 sum with 12 – stage records where are reduced to: X1 = 4092 

and X2 = 4093 chips. P code is also modulated on L2 frequency bands at 

BPSK (10) and 50 bps data rate for military use. 

X1: 1 + 𝑦6 + 𝑦8+𝑦11+𝑦12                      (2.16) 
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X2: 1 + 𝑦 + 𝑦2 + 𝑦5 +𝑦8 +𝑦9+𝑦10 + 𝑦11+𝑦12        (2.17) 

2.7.3. The Y spectrum code  

The physiognomie of code Y is widely available despite the fact that it’s include 

the possible jammer that will generate the signal with the intension of imitating 

the GPS signal and causes the receiver to receive the wrong signal along the 

satellite path [104]. Hence, the P code has been encrypted by a secured Y 

code to ensure that the jammers cannot generate Y replica code [105]. 

2.7.4. The L1C code  

This is made up of (L1C- I data) and (L1C-Q pilot) PRN codes. Both data and 

pilot are using the MBOC (6.1.1/11) modulation type at the chip rate of 1.023 

Mcps and the data rate of 50 bps [97, 106]. This is preserved for civilian use. 

For GPS L2 at the carrier frequency of: 1 227.600 MHz 

2.7.5. The L2CM code 

This is the PRN L2 Civil Moderate (CV) code with the SV number that is 20 

milliseconds in length and the chip rate of 511.5Kbps. L2CM establish the short 

cycle linear pattern of 10,230 chips [107, 108].  

2.7.6. The L2 CL code  

This is the PRN Civil Long (CL) code and the SV ranging number of 1.5 second 

in length. The chip rate of L2 CL code is 511.5Kps and it does generate the 

polynomial function with the count of 767,250 chips [109]. 

2.7.7. The M codes  

This is the Military (M) code signal that is anticipated to provide the improved 

jamming resistance when compared to code Y signal [110]. M code is enabled 

to transmit the power at higher levels without interfering with Y code or C/A 

code receivers and further provide the security in terms of privacy, exclusivity 

and authentication for military [111]. The M code consist of the binary offset 

signal having the spreading code of 5.115 Mbps and the frequency of 

10.23MHz, represented as BOC (10.23,5.115) modulation and BOC (10,5) 

modulation respectively [112]. For GPS L5 at the carrier frequency of: 1 

176.450 MHz 

2.7.8. The L5 code  

This is the PRN code also known as the quadrature phase code (represented 

as Q-5 code) and the PRN in – phase code (represented as I - 5 code) with 
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the SV number of one (1) millisecond in length. The chip rate is 10.23Mbps 

and modulated by BPSK (10) [113]. 

2.7.8. The Non-standardized code  

These codes are available to protect navigation user from receiving and 

utilizing the abnormal navigation signal. Resulting from the malfunctioning of 

the SV generating system.   

2.8. The Glonass satellites constellation  

The Glonass GNSS is a navigational satellite system that provides real-time 

position as well as velocity [37]. Glonass is a Russian-owned satellite that is 

similar to the Navstar GPS. The Glonass has 24 satellites in orbit and is 

enabled to be used by civilian and military users on different frequency band 

levels. The payload of the Glonass is using the Direct Sequence Spread 

Spectrum (DSSS) signals and the Binary Phase Shift Keying (BPSK) 

modulation, which are very comparable to the Navstar GPS payload operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: The Glonass frequency bands [114]. 

The legacy Glonass signals are G1 band and G2 that is right hand circularly 

and both centered in the L band of the dual radio frequency [115].  
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The modernizations of the Glonass systems include adding the additional third 

band G3 to the ARNS and the use of CDMA signal transmission, as well as 

the third band for all three bands. The G3 signal will provide the dual codes, 

the third civilian code, and the military codes, which are modulated into these 

frequencies together with the navigation message adhering to the BPSK 

modulating method [116]. The civilian code and the military code have 1 ms 

and 1 s periods, 586.7 m and 58.67 m of chip width, which means they are 

more time-sensitive than GPS signals. For that reason, the GPS is widely used 

compared to the GLONASS system [117].  

2.9. The Galileo spreading code and signal structure 

The Galileo Navigation Satellite is intended to transmit a variety of signals via 

Right Hand Circularly Polarized (RHCP) frequency links. Galileo uses Binary 

Offset Carrier (BOC) for modulation similar to the M- code of the GPS. 

Following are the sets of Galileo signals with frequency ranges: E5, ranging 

between 1215 and 1300 MHz; E6, ranging between 1599 and 1610 MHz; E2-

L1-E1, also called L1 [90, 91]. The product of a BOC-modulated signal has two 

significant components: Unfiltered PRN code with a chip rate and values 

estimated to be [1], and an unfiltered signal with a frequency equal to or much 

higher than the chip rate and acting as a signal carrier [118].  

The Galileo payload is nearly identical to that of the Navstar and US GPS. 

However, it has two significant changes: the first is that the modulation and 

frequencies are well designed to avoid signal interference with the Navstar 

GPS already in orbit, and secondly, the Galileo uses the pre-computed 

feedback codes also known as a memory codes [119]. Those memory codes 

are generated by gold codes using the hereditary numerical procedure of the 

Medium Earth Orbit (MEO) [120]. Each Galileo satellite in space is capable of 

transmitting 10 navigation signals along the frequency bands E1, E6, E5a, and 

E5b. These frequency bands are all right-handed, circularly polarized, and are 

intended to support Galileo services for diverse users [121]. 
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Figure 2.10: The Galileo frequency bands [99]. 

All satellites are sharing the similar frequencies; the signals are distinguished 

by the CDMA methods being used per system [122]. 

2.9.1 The Galileo E1  

GalileoE1 signal stream or data is mainly modulated by means of the CBOC 

(6, 1, 1/11+) modulation techniques with the pilot bit stream being modulated 

using CBOC (6, 1, 1, /11- ) inflection. The CBOC (6, 1, 1/11) is the combination 

of BOC (6, 1) and BOC (1, 1). Hence, the autocorrelation model of the 

GalileoE1 baseband signal is provided as well [123]. 

2.9.2 The Galileo E5 and GPS L5 

The civil aviation users are authorized to use L5 as an additional ARNS 

frequency band. Therefore, the use of dual frequency bands L1 and L5, 

respectively, will allow the estimation of the ionosphere delay for airborne 

applications, since the ionosphere delay is the foremost error that interrupts 

the pseudo-range measurements [124]. Both Galileo E5a and GPS L5 are 

sharing the same frequency bands, and the identical GNSS antennas are used 

to process the signal for both GPS L5 and Galileo E5a [125].  
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The complexity of the GNSS network has been improved by utilizing the GPS 

L5 and GalileoE5a on similar platforms. The Galileo E5 band is made up of 

E5a and E5b, respectively. The E5a supports the Galileo Open Service (OS), 

which is said to be free to users worldwide. The signals being transmitted in 

the E5a band are called open access signals [126]. They include two main 

components: the E5a-I data channel and the E5a-Q pilot channel. The E5a is 

used to transmit basic data that provides support for the timing and navigation 

messages at a low speed of 25 bps. The E5a frequency band is shared with 

the GPS L5, as stated above. The E5b frequency band supports the Galileo 

OS and the Commercial Services (CS) [127]. The transmitted signal contains 

the E5b-I data stream and the E5b pilot stream at a data rate of 125 bps. The 

E5b frequency band is shared with the Chinese BeiDou B2b and the Glonass 

G3. Both E5a and E5b are unified and modulated together to form one broad 

signal, E5, at the carrier frequency of 1191.795 MHz using the Alternate Binary 

Offset Carrier (AltBOC) modulation [126, 128]. 

2.9.3 Galileo E6 

The E6 frequency bands is exclusively committed the CS and the Public 

Regulated Services (PRS). The PRS is used by the security authority such as 

police and, military and is controlled by the government [129]. E6 is capable of 

providing three components in the navigational signal, the E6- A that is only 

available to the authorized PRS users of the state and is encrypted form of 

signal, the E6 – B is the CS signal that represents data stream and the E6 –C 

also the CS used signal that represent the pilot stream [130]. The data 

transmission rate of the E6 band is 500 bps and is widely shared with BeiDou 

B3. 

2.10. The BeiDou satellite constellation 

China owns the BeiDou satellite constellation, also known as the Compass. 

BeiDou is a recently developed navigational satellite similar to Galileo in terms 

of being a part of GNSS 2 [131]. The BeiDou's basic architecture and design 

differ significantly from the architectures of Glonass, Galileo, and Navstar 

GPS. 
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The BeiDou necessitates the dual communications link to broadcast the signal 

and is intended to use MEO and Geosynchronous Earth Orbit (GEO) satellites 

[89, 132]. It has the additional satellites of the Inclined Geosynchronous Orbit 

(IGSO). This navigation satellite uses innovative techniques for exchanging 

information with the central server as explained in [133], and this is called 

common view. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: The BeiDou frequency bands [99]. 

The BeiDou satellites transmit right hand circularly polarized signals all 

centered at the L bands of the three radio frequencies known as B1, B2 and 

B3 and shown in Figure 2.11 and Table 2-3.  There is represented in terms of 

phase II and III. Phase II represent the regional services and the phase III 

represent the global services [134]. Table 2-3 summarizes the phase III. 
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 Table 2-3: The 3rd phase of BeiDou signals and constellation. 

Band 
Carrier 

Freq. 

(MHz) 

PRN 

Codes 

Modulating 

Scheme 

Code 

Chip rate  

(Mcps) 

B-1 1575.42 

B1 BOC (14.2) 2.046 

B1- C_D 
MBOC (6.1.1/11) 1.023 

B1- C_P 

B-2 1191.795 

B2 – a_D 

AltBOC (15.10) 10.23 
B2 – a_P 

B2 – b_D 

B2 – b_P 

B-3 1268.52 

B3 QPSK (10) 10.23 

BE- A_D 
BOC (15,5.5) 2.5575 

BE- A_P 

 

2.11. The Generation and broadcasting of the satellite signals 

Figures 2.12 and 2.13 are used to illustrate the signal transmission and 

modulation hardware of the GPS adhering to L1 and L5 frequencies, 

respectively. There are similarities between these two hardware systems, such 

as the low rate of navigational data (50 bps) modulated to the coded spectrum 

signal and further modulated into L-band (1-2 GHz) stage carriers [93, 135]. 

However, there are differences between these two signals listed as follows: 

• The rating code of the spread spectrum signal is 1.023 Mbps, particularly 

for L1, which represents a civil signal, whereas the rating code for the L5 

signal is 10.23 Mbps, sometimes even 10 times higher than the L1 

spectrum code rate. 
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• L1 frequency signal is normally transmitted at a frequency of 1.57542 GHz, 

and the L5 signal is transmitted at a frequency of 1.17645 GHz, 

respectively. 

  

  

 

 

 

 

 

 

 

 

 

Figure 2.12: The Intonation and Broadcast of the GPS signal through L1 

Frequency link [136]. 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: The Intonation and Broadcast of the GPS signal through  L5 

Frequency link [136]. 
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For modulation, the L-1 frequency band or C/A spread spectrum code 

generator was developed in such a manner that it will only use two 10-bit 

Linear Feedback Shift Registers (LFSRs), and the outputs are added to the 

modulo-2 of the system [137]. Both shifts must register a similar maximum 

length that has the precise code period of 1023 chips. The consequential 

spectrum code for the signal is also called "gold codes." They are normally 

clocked at a speed of 1.023 Mbps, and the recurrence occurs every 

millisecond. The frequency of the L5 spread spectrum coded generator is 

designed to use two 13-bit LFSRs, and the outputs are generally added to 

modulo 2, similar to the L1 frequency band [138]. L5 is capable of generating 

the maximum length, which is 8192 bits. Once the 8192 bits have passed, the 

spread-spectrum code will repeat itself to generate the 10.230 chips, and then 

the code will be clocked at a speed of 10.23 Mbps and repeat in every 10.230 

bit. 

2.12. Navigation frequencies and spectral density  

The frequency spectrum of the transmitted GPS signal at the L1 band is 

illustrated in Figure 2.14 and Figure 2.15 correspondingly.  The L1 frequency 

is 1575.42 MHz and the L5 transmitting frequency is 1176.45 MHz separately.  

 

 

 

 

 

 

 

 

 

 

Figure 2.14: The illustration of the GPS L1 centre frequency [139].  

 



37 
 

 

 

As witnessed in figure 2.14, the frequency spectrum of L1 has the centralized 

frequency value of 1575.42 MHz, the spectrum code representing civil has the 

chip rate of 1.023 Mchips per second, and the outcome is the narrow frequency 

value of 2 MHz [140]. The widespread band of 20 MHz around the centre is 

also observed. 

  

 

 

 

 

 

 

 

 

 

 Figure 2.15: The illustration of the GPS L5 centre frequency [139].  

The illustration of the L5 frequency spectrum is represented in Figure 2.17, 

and the spectrum has the frequency of 1176.45 MHz as the center frequency 

with the singlewide band spread of 20 MHz [141].  However, the spread 

spectrum code for civil is causing the chip rate to be 10.23 Mchips per second, 

which is more than 10 times higher than the civil spectrum code for L1 [142]. 

The good news is that even with 10-fold increases in chip rate, the system 

remains operational, as navigational performance improves with an estimated 

value of three (3). 

2.13. The signal processing and receiver design 

The receiver is integrated with the signal processor to perform the pivotal 

function of reconstructing the carriers and further extracting the codes and 

messages for navigation purposes [143].  
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Once this is done, the signal receiver then performs the Doppler shift 

measurements by equating the received signal and the signal generated by 

the user receiver [144] . Because the spacecraft satellite is in motion, the 

received navigational signal will certainly be Doppler shifted, and furthermore, 

the code ranges are determined by the Delay Lock Loop (DLL) using the 

correlation code [145]. The receiver's future in the future GNSS network must 

support both frequencies, GLONASS and GPS, as well as tracking the various 

GNSS signals. There is a strong need of adopting the hybrid GNSS receiver 

as shown in Figure 2.16. This will assist in adopting the wide and collective 

signal processing in GNSS receiver. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.16. The basic architecture of Hybrid Galileo/GPS Receiver Concept. 

Figure 2.16 above shows the collective components of the hybrid GNSS 

receiver (GPS/Galileo). The signal receiver performs the essential de-

spreading of the signal codes to all visible satellites once the sampling and 

Analog to Digital Conversion (ADC) are completed in the originally received 

signal. The current designs of GPS receivers involve the integration of the 

digital components as illustrated above. The Right Hand Circularly Polarized 

(RHCP) antenna, with hemispherical signal coverage gain, is the first and most 

important component of the signal receiver. The RHCP antenna is used to 

receive the radio signals for the navigation messages from all satellites that 

are available [146, 147].  
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The RHCP antenna can be used in conjunction with the navigation 

nomenclature, called Line-of-Sight Signals (LOSS). The most popular types of 

antennas are low-profile with micro-strip and helix elements [148]. The 

utilization of the antenna arrays and the procedure of exploiting their spatial 

varieties in terms of tracking, detecting, and positioning is the foremost theme 

of this research work. The Low Noise Amplifier (LNA) is the significant element 

that is used to block the noise carried in by the RF signal collected by the 

antenna [149]. Furthermore, LNA is also used as the filter that shapes the 

received signal code and minimizes out-of-band RF signal interference 

[150].The most popular and commercial receivers are normally equipped with 

a 2 MHz bandwidth filter for C/A L1 code, and the satellites are described to 

have the highest filter of 20 MHz for the transmission stage [151] . The higher-

performing receivers usually exploit the system configurations and need to be 

provided with a wider bandwidth to allow for better synchronization and wider 

bands since they have a very sharp signal pulse. However, the wider 

bandwidth allows the additional noise to pass through a filter or LNA. The noise 

level in the power is estimated using the following expression: 

PNL = kTE Bw                                                    (2.18) 

Where:  

• k is the Boltzmann’s constant (K = 1.3806×10−23 JK−1  ) 

• TE represent the effective noise temperature in Kelvin (K), the GPS uses 

(TE = 513 K) 

• Bw is denoting the bandwidth in Hertz (Hz) 

Consequently, when designing the navigation receiver, the LAN bandwidth is 

the foremost requirement. The typical gain values to be incorporated when 

designing the LAN filter are between 20 and 40 dB, with the noise value of the 

amplifier ranging from 3 to 4 dB. Hence, the ratio of signal to noise is computed 

at this stage. The Navstar GPS C/A code is reported to have the capability of 

transmitting 478.63W of Effective Isotropic Radiated Power (EIRP). The losses 

due to propagation are estimated using the following expression: 



40 
 

 

 

The factor for the free space loss (FFSL) = (
α

4πr
)2                   (2.19) 

Where:  

• α =  
c

fl,1
 = 0.19 m if using the wavelength carrier and  

• r =2 × 107 m the considered average distance between transmitter and 

receiver. 

The results will be:  

FFSL= (
0.19

4πx2×107)2 = -182.4dB  

The results are being influenced by the atmospheric attenuation value of (-2 

dB) and the assumption that the bandwidth receiver have 2 MHz. Therefore, 

the SNR for C/A code is given by: 

 SNRC/A code = (SPdB) – (NpdB)                                                                  (2.20) 

Equation (2.20) is expanded to:  

                   = (PTX) - FFSL + (AAT) - PN                                                       (2.21) 

                   = 26.8 + (-182.4) + (-2) – (-138.5)  

                   = -19.1 dB 

where:  

• SPdB is the decibel signal power 

• NpdB  is the decibel noise power 

• PTX is the transmitted power  

• AAT is the signal attenuation along atmospheric layers 

From these results, it can be realized that, the GPS signal is entirely 

suppressed by the thermal noise. The  equation (2.20) assumes that the signal 

is synchronized by frequency. As the results the Doppler shift and the carrier 

frequency of the received signal is removed by the digital or analog techniques. 

From the analysis of the data transmitted by the satellite, the baseband signal 

is expressed with the following signal parameters, the generic data sequence 

(d), periodic chip code (c), the chip pulse function(δy), the chipping period ( 

Tc), full code number in the bit (Nc) and the data period (Tb).   
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S0(t) =  α0 ∑ d(m)∞
m=−∞ ∑ 1

Nc−1
u=0   ∑ p(t)δy

Lc−1
k=0  (t −  τ0 −  xTc −  uTPRN −

 mTb) + x(t)                                                                                              (2.22) 

S0(t) =  α0 ∑ d(m) ģ(t −  τ0
∞
m=−∞ ) + x(t)                                                       (2.23) 

Where the (δy) function represents the transmitted signal pulse that filtered by 

the pre- correlation filter and the  x(t) function is the thermal noise. The main 

objective of the system synchronization for the GNSS network is to estimate 

the time deferral (τ0) together with the embedded information of the carrier 

phase (θ0) in the amplitude of the phase complex. Both Galileo and GPS 

signals are sum of data component, excluding the GPSL1C/A. For each 

component the signal waveform, are collective and they form the resultant 

signal that is further reproduced by the system Radio Frequency (RF) carrier 

and the final combination of the waveform called baseband signal is formed.  

The baseband signal is likely to be centralized about the carrier frequency due 

to the modulation of the waveform by the RF carrier system. The modulation 

of the waveforms by the RF carrier leads to center the signal about the carrier 

frequency. 

2.13.1. The digital processing of the GNSS signal on the GNSS receiver 

The GNSS baseband signal shown in equation (2.21) is captured by the 

receiving antenna in analog form. The signal is filtered and converted into 

digital format [152]. In digital processing, there are three main steps to 

processing the signal: the signal acquisition, the signal tracking, and the signal 

modulation [153]. The main aim of the signal acquisition and tracking is to 

evaluate the parameters of the incoming signal such as the carrier phase, code 

delay and Doppler shift.   The estimation of the Doppler shift, code delay, and 

carrier phase strongly depend upon the correlation process. 

2.13.2. Correlation process 

The core of signal processing in GNSS receivers is GNSS signal correlation. 

The models of the correlator outputs are given by the GNSS vendor to ease 

the configuration of the GNSS receiver [154].  
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As a result, the GNSS signal's correlation function is first prompted along the 

analogue unit of the GNSS receiver. Following is the list of properties for the 

GNSS signal correlation function. 

• The baseband signal filter is located in the receiving antenna's output and 

is fed as an input to the GNSS receiver's RF front end. 

• The comprehensive correlation in the GNSS receiver: the GPS L1 C/A, the 

GPS L5 and Galileo E5a baseband signals are having the local replicas 

generated locally within the GNSS receiver with similar modulation 

scheme.  The autocorrelation is used to estimate the correlation function of 

the receiver [155]. 

• The prototype of correlator output for the code delay: there are two 

components of the baseband signal, the in phase (I) and quadrant 

(Q).  They both depend on the estimated carrier phase error, Doppler error 

and code delay error [156]. 

• The correlation output model: This model is used to extract the data from 

the GNSS baseband signal that is completely suppressed by the noise in 

the RF front end. For that reason, the GNSS receiver has to execute the 

correlation process between the dual local replicas and the incoming signal 

[155]. 

2.13.3. The GNSS signal acquisition 

Signal acquisition is the process of determining the status of the incoming 

signal. This is to determine if it is possible for the GNSS receiver to process 

the received signal. This verification is carried out through the comparison of 

the received signal and local replicas. If the received signal and local replicas 

correlate properly, it means the incoming signal is healthy and the acquisition 

will be carried out accurately. 

2.13.4. The GNSS signal tracking 

The process by which the GNSS receiver attempts to generate a local 

duplicate of the incoming signal with similar parameters is referred to as signal 

tracking [157]. During the signal tracking, the carrier phase and the code delay 

are accurately estimated compared to the acquisition phase.  The signal 

tracking requires less spectrum power. The signal tracking and acquisition are 

based on the correlation function and three feedback loops [158]. 
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• The discriminator function: in this case, the correlator output models are 

utilized to provide the scalable values for tracking errors in terms of carrier 

phase and code delay. 

• The loop filters are used to minimize the impact of the noise that may be 

missed through initial filtration.  

• The Numerical Controlled Oscillator (NCO): This oscillator is used to 

generate the GNSS PRN codes that correspond to the incoming signal. 

The oscillator further transforms the discriminator outputs to form the 

frequency that facilitates the generation of the local duplicates [159]. 

2.14.  Summary and conclusion 

The receivers for positioning systems calculate their location using the several 

signals received from the satellite in the common view, since the receiver 

needs four or more satellites to compute an accurate location and further allow 

satellite tracking and detection. Chapter two has provided a comprehensive 

analysis of the GNSS architecture, frequency allocation, signal structure, and 

prospective receivers. Furthermore, in chapter two the signal processing in the 

GNSS receiver is provided that include, the correlation outputs in the digital 

processing, signal acquisition and tracking.  The baseband signal modulation 

controls the characteristics of the signal and the shape of the GNSS correlation 

function.  The GNSS is used to obtain the PVT solution; the computation of 

this solution is the derivative of the pseudorange obtained from the correlator 

output model. The GNSS went through some evolution with the introduction of 

the innovative GNSS signals, the Galileo, BeiDou, and GPS L5 signals. The 

GNSS application offers attractive services in rural areas and in locations with 

a clear view of the sky. The clear view of the sky is not the only factor to 

consider; the satellite coverage is an additional factor to look for. Indoor 

applications and urban areas with congested communication channels have 

been added to the list of GNSS applications. Hence, the GNSS signal 

multipath along the satellite path is largely experienced in urban areas and 

indoor applications. For indoor applications, the power losses depend on the 

material being used for the building or structure, as shown in Figure 1.3 of 

Chapter 1. Chapter three will unfold the   concept of GNSS signal multipath 

and  further discuss the multipath propagation and mitigating techniques. 
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CHAPTER THREE 

The GNSS multipath propagation and mitigating techniques 

In this chapter, the GNSS signal multipath and mitigating will be discussed into 

details. The goals of this thesis are to use the concept of combined signal 

detection to lessen the effects of multipath signals on GNSS receivers. As a 

result, this chapter provides a clear picture of multipath signal characteristics 

and goes on to develop the maximum likelihood estimation algorithm for 

estimating the multipath signal in the receiving channel. 

3.1. Background 

The GNSS has been found to be useful in a variety of applications that require 

a high level of performance. However, there are several causes of errors that 

degrade the positioning function of the GNSS network that are discussed in 

chapter two. This chapter emphasizes the aspect of multipath propagation. 

Many of the stated positioning errors are continuous in all GNSS receivers and 

are reduced using common differential methods. However, the differences in 

the geographical position between the reference receiver and the station, the 

multipath of the receiver’s location, and the number and amplitude of the 

multipath make it difficult to reduce the multipath error using differential 

techniques.  

The differential methodologies are not capable of eliminating the errors 

triggered by the signal multipath along the satellite path. Previous research 

has consistently demonstrated that signal multipath causes significant 

inaccuracies in the PVT solution for both static and mobile users. Therefore, 

multipath is the leading topic in the sphere of GNSS. This chapter broadly 

provides three main sections: multipath propagation, a comprehensive review 

of multipath mitigation, and the simulation of the GNSS multipath in different 

conditions. 
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Figure 3.1: The Representation of the GNSS multipath [160]. 

The reflection of the GNSS signal from surfaces close to the receiver generally 

causes multipath propagation. In many cases, those surfaces are metal 

surfaces and buildings, and the reflection results in the formation of more 

secondary propagation paths as illustrated in Figure 3.1. The signals along the 

secondary path overlaid the desired direct signal path, and they have a long 

propagation period [161]. These signals have the ability to significantly distort 

the phase and amplitude of the signal along the direct path. Hence, this led to 

the deformation in the correlation functions. The error bias is introduced by the 

distorted correlation shape. In other environments, such as the severe 

multipath locations, the line of sight is completely obstructed, and the user will 

only receive the reflected signals. The phase measurements are very 

important, and such errors can reach up to a few meters, which is not good for 

a GNSS network in terms of its reliability. Furthermore, because multipath error 

is spatially decorrelated quickly, it cannot be removed using difference 

processing. There are many applications that are using high-performance 

receivers where the Frequency Locked Loop (FLL) is used to calculate the 

velocity approximations using the relationship of the following mathematical 

expression: 

Vr = λtfd                           (3.1) 
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Where the 𝑉𝑟 represents the radial velocity and the  𝜆𝑡  represents the 

transmitted wavelength. The final result of expression is called the delta – 

range measurements.  In case the accumulation of the Numerical Controlled 

Oscillator (NCO) has been done and the velocity is entirely integrated, the 

results will be relative displacement considering the beginning of the velocity 

integration. Once the given integration interval is completed, the whole number 

of the Doppler cycle will be counted by then and the fraction of the Doppler 

cycle will remain. Equation (3.2) assume that the signal is synchronized in the 

frequency and as the results the Doppler shift of the received signal and the 

carrier frequency has been detached by the digital technique. Other 

applications are still using analog systems to remove the carrier frequency.  

𝑌0(t) =  𝛿0 ∑ x(m)∞
´

n= −∞
∑ 1

Mc−1
p=0 ∑ c(k) λT(t − τ0)Nc−1

q=0 + w(t)                       (3.2) 

𝑌0(t) = 𝛿0 ∑ 𝑥(𝑚)𝜆𝑇
∞

´
𝑛=∞

(𝑡 − 𝜏0) + 𝑤(𝑡)                                                        (3.3) 

 where the:  

• λT(t) - represents the transmitted wavelength or the signal pulse filtered 

by LNA. 

• w(t) – is the thermal noise  

The main purpose of the synchronization technique using Equation (3.2) is to 

develop an approximation of the time delay(𝜏0) and phase carrier data 

entrenched to the amplitude of the phase complex. 

3.2. Modeling of the propagation and transmitting channel 

The data between communication devices is transmitted using channels. The 

communication channels compromise any service and media within the 

categories used to transfer the signal between the receiver and transmitter 

[162]. The GNSS network communicates with the aid of the following.  

• The transmitting antenna 

• The signal power propagation channel 

• The receiving antenna (static or dynamic) 

The signal propagation channels signify the process of emitting the GNSS 

signal using the satellite path from the satellite (the transmitter) to the 

receiver. 
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The chronological  concept of the signal transmission from the transmitter 

(satellite) to the receiver using the antennas is depicted in Figure 3.2.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: The combine propagation and transmitting channel. 

The satellites have the transmitting antennas that transfer the signal to the 

GNSS receiver through the propagation channel. 

3.2.1. The transmitter and receiver antenna 

This is a satellite antenna that is designed to radiate the GNSS signal. The 

interfacing between the space segment and ground segment is anticipated to 

use two Right Hand Circular Polarization (RHCP) radio frequency links. Those 

links are L1 and L2, respectively. The receiver has the antenna with the ability 

to prompt two effects on the received GNSS signal, namely:  

• The phase shift and group delay on the GNSS signal  

• Introduce the polarity losses as the results of discrepancies experienced 

by the receiver in the incoming signal and influences the power of the 

received GNSS signal. 

3.2.2. Multipath propagation channels 

The transmission of the EM wave between the transmitter and the receiver is 

met with the following disruptions: 

• Interference  

• Multipath  

• Atmospheric  

The EM wave disruptions brought by the atmosphere are expected to occur in 

the troposphere and ionosphere respectively.  The multipath is caused by the 
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scattering of the EM wave. Hence, the balance of chapter three will emphasis 

the modelling of the propagation channel if there is a multipath perturbation 

and the propagation channel parameters are predicted adhering to three forms 

of models [163].  

• Deterministic model – that uses EM multipath for the prediction and 

further necessitate the narrative of the 3D to predict the multipath precisely. 

• Statistical model - the parameters of the channels are estimated 

randomly using widespread of the statistical and experimental data. 

• Hybrid model - this model is the combination of both statistical and 

deterministic models respectively.     

3.3. The GNSS transfer function along the transmission 

channel 

The multipath signal contains the code delay and the phase rotation. 

Therefore, the GNSS multipath signal can be used to model the direct 

incoming signal, and the transmitting channel is deemed to function as the 

linear filter of the GNSS receiver [164]. The impulse response of the GNSS 

signal along the transmitting path is also known as the Dirac delta function due 

to the presence of the multipath signal. Hence, characterizing the GNSS 

transfer channel is likely to instill timing concerns for both multipath and direct 

signals. This section provides a brief discussion of the received signal, the 

exact model, the wideband model, and the narrowband model using the GNSS 

transfer function for the transmission channel.  

3.3.1. Received signal 

The multipath signal has the serious impacts in the GNSS signal, especially 

those triggered by the user location. The multipath of the incoming signal in 

the GNSS receiver is calculated using the concept of DLL [165]. The DLL is 

used to estimate the code delay and the numerical expression of the GNSS 

signal power for the precise duration (RBPSK(γ) = {1 - 
|γ|

Tc
 , |γ| ≤ Tc } ).  

The impulse response of the GNSS of the wideband signal model is deemed 

to be capable of adding GPS L1 and GPS L5 of the incoming signal 

irrespective of the noise level as illustrated in equation (3.4).  

ST(t) = ST,DC,L1(t) + ST,PC,L1(t) + ST,DC,L5(t) + ST,PC,L5(t)                              (3.4) 
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where the:  

• The function of  ST,DC,L1(t) and ST,DC,L5(t) denote the GNSS data module 

for GPS L1 and GPS L5, respectively. 

• The ST,PC,L1(t) and ST,PC,L5(t) denote the GNSS pilot module for GPS L1 

and GPS L5, respectively.  

The GPS L1C, GPS L5, Galileo E1 and E5a contain dual channels for data 

and pilot. The architecture of the DLL in GNSS receivers are configured to use 

data module only, pilot module only and both data and pilot components [166].   

3.3.2. Exact model 

The exact channel model necessitates the calculation of the frequency 

response function of the channel in the whole spectrum for each and every 

GNSS signal. This is due to the absence of an accurate assumption of the 

mathematical expression of the transfer function [167]. The resultant 

transferring function of the exact model is similar to the wideband, as 

demonstrated in [168]. 

3.3.3. Wideband model 

The transfer function of the wideband model is based on the assumed 

mathematical expression. The wideband assumes that the considered direct 

signal and reverberation are affected by the attenuation, code delay, and 

phase rotation generated within the system [169]. Hence, both the frequency 

and baseband impulse response relating to the wideband signal models along 

the transmission channel are given by 

hFR(t) =  ∑ αM δ (t − τM
M
M=0 ) ej2πfD,M t+jθM                                                            (3.5) 

 

hBI(t) =  ∑ αM 
M
M=0  e−(j2πF− fD,M t)τP+jθM                                                                 (3.6) 

 

where the: 

• P represent the multipath number  

• αM  represents the amplitude of the baseband signal in case of multipath 

analysis. The A0 represent the output signal at the receiving antenna that 

would have been delivered in case there is no multipath in the prospect.  

• δ is denoting the Dirac distribution  

• τp is representing the delaying code for the Mth multipath component of the 

antenna output of the end user or receiver.   
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• fD,M  is representing the Doppler shift effect for the 𝑀𝑡ℎ multipath 

component of the antenna output of the end user or receiver.   

• θM represent the phase shift 𝑀𝑡ℎ multipath component of the antenna 

output of the end user or receiver.  

3.3.4. Narrowband model 

The transferring function of the narrowband modeling is based on the 

mathematical expression assumption being made, and the transfer function is 

deemed to be constant over the bandwidth channel [170]. Hence, both the 

frequency and baseband impulse response of the narrowband signal 

transmission are given by the mathematical expression in equation (3.7). 

These apply to all GNSS signal that are transformed to the baseband. 

hFR = αδ(t − τ)ejθ                                                                                (3.7) 
 

hBI = αe−j2πfτejθ                                                                                   (3.8)                                                                                                          
      

• 𝛼 is used to represents the attenuation factor of the output signal at the 

receiving antenna 

• 𝜏 is representing the delaying code of the signal in the output of the 

receiving antenna 

• 𝜃1 represent the phase shift of the signal of the receiving antenna  

The excess of the phase diversity and code delay for the multipath is ignored 

in the frequency and impulse response for all narrowband transmission; hence 

the narrowband model will not differentiate between the direct signal and their 

echo signal.  

3.4. Multipath parameters definition and computation 

There are four crucial parameters characterized multipath parameters in the 

output of the antenna and those parameters are (αp , τp, fD,P and θp) , the 

simulated features of 𝛼𝑝 and 𝜃𝑝 are reliant to the design considerations of the 

GNSS antenna and the signal broadcasting channel.  
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Therefore, the parameters mentioned are calculated using the following 

numerical methodologies.  The calculation and estimation of the signal 

amplitude for GPS L1 frequency band 

αp.L1 = 
EL1(er.p).IL1(er.p)

Vo
                                                        (3.9) 

The calculation and estimation of the signal amplitude for GPS L5 frequency 

band 

αp.L1 = 
EL5(er.p).IL5(er.p)

Vo
                                                                                (3.10) 

The calculation and estimation of the signal phase shift for GPS L1 frequency 

band 

θP.L1 = EL1(er.p). LL1(er.p                                                    (3.11) 

The Calculation and estimation of the signal phase shift for GPS L5 

frequency band 

θP.L5 = EL5(er.p). LL5(er.p)                                                     (3.12) 

where the:  

• er.p  is the direction of arrival of the replica signal. 

• EL1(er.p) and the EL5(er.p)  are the electric field elements of  GPS L1 and 

GPSL5.  

• LL1(er.p) and the LL5(er.p) are the effectiveness of the GNSS user antenna 

for GPS L1 and GPS L5 

•  Vo is the open circuit voltage acquired to embrace the ideal arrangement 

of the antenna configuration.  

The Doppler shift fD,P    effect and the code delay 𝜏𝑝 are used to influence the 

charecteristics of the satellite dissemination channels. In case of the 3D 

scenarios and mobile space satellites, the effect of the Doppler shift for GPS 

L1 and GPS L5 are given in equation (3.13) and (3.14). 

The effect of the Doppler shift for GPS L1  

fD,P,L1 = 
fL1

C
. vr,k                                            (3.13) 
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The effect of the Doppler shift for GPS L5  

fD,P,L5 = 
fL5

C
. vr,k                                                             (3.14) 

where the: 

• C is representing the speed of light in the vacuum 

• v is the vectorial speed of the GNSS receiver and the  

• vr.k  is equal to v.er.p, therefore this term represents the effectiveness of the 

receiver vector speed. 

Numerous software tools have been developed to simulate and analyze the 

impact of the multipath signal for land, maritime, and aeronautical applications 

that require the configuration of the navigation parameters to be in 3D format. 

Section 2.8 of Chapter 2 provides the basic architecture and a brief discussion 

of the GNSS hybrid Galileo/GPS receiver. Hence, this section is envisioned to 

provide a comprehensive discussion of the GNSS output at the receiving 

antenna.  This discussion includes the typical signal expressions that are 

anticipated in the presence of multipath conditions [53]. The input signals of 

the GNSS receiver are processed by the Radio – Frequency (RF) and the 

Intermediate Frequency (IF) signal-processing block where the code and 

phase delay are provided. The innovative block diagram of all crucial stages 

that are involved with the processing of the GNSS signal at the receiving 

antenna is provided in Figure 3.3.  

 

 

 

 

 

 

Figure 3.3: Advanced architecture of GNSS receiver. 
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This is a comprehensive architecture of the GNSS receiver to provide more 

details than the one used in Figure 2.6. The first block in the diagram in Figure 

3.3 represents the antenna subsystem, and a brief description is provided. For 

the sake of clarity, the expression of the GNSS receiver signal is represented 

in equation (3.14), with the noise term omitted, and these signals are deemed 

to be amplified, down converted, sampled, and quantitated on both L1 and L5, 

respectively. The total signal splits to form two new signals with respect to the 

sampling time denoted by t for L1 and L5, as expressed below. The RF signal 

for L1 frequency band  

Si =  ∑ αp,i
P
p=1  Cp,i ( t −  τd,i) cos(360° (fIF,i + fD,P,i)ti + θi                          (3.15) 

where the: i= 1,5 

• αp,L1and αp,L5 are the amplitude for L1 and L5, respectively.  

• Cd,L1  and Cd,L5 are the data waveform for GPS L1 and GPS L5. 

• τd,L1 and τd,L5 represent the code delay for GPS L1 and GPS L5. 

• fL1,IF and fL5,IF denote the intermediate frequency for both frequency bands 

L1 and L5. 

• θL1 is the carrier phase for GPSL1 

• θL5 is the carrier phase for GPSL5 

3.4.1. Acquisition block 

The IF section contains the acquisition block that is used to further process the 

signal following the notation given by the RF front end block. The acquisition 

block is also called the correlator block; hence, it is used to detect the existence 

of the GNSS signal and further provide the approximation of the propagation 

time relevant to the previously detected signal [157]. The signal through the 

acquisition block is deemed to not be separated into I and Q samples as yet 

and is expressed as follows: 

SIF = Ap.Dnav  .(tIF - τIF).δR.cos [360° (fIF +fDS).tIF+θOffset                    (3.16) 

where the: 

• Ap is the amplitude of the baseband signal after reaching the acquisition 

block 

• τIF  is the code delay in the acquisition block  
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• δR carrier phase in the acquisition block that is influenced by the 

intermediate frequency.  

• fDS is the frequency ratio across the phase and quadrant samples. 

• Dnav represents the navigation data message after the correlation blocks 

detected the presence of the GNSS data 

• tIF denotes the actual time between two sequential navigation data 

samples throughout the sampling time. This is the mathematical 

expression that is being integrated in the system with the relevant sampling 

equations to provide the estimation of the propagation time  

• θOffset   this is the carrier phase offset  

Equation (3.15) provides the necessary evidence that the acquisition of the 

navigation data signal is the global search for the precise standards of the 

Doppler frequency and propagation time, respectively.  However, their 

possibilities of cold start correlation where the acquisition block of the receiver 

have to perform a profound exploration of the entire GNSS signal coding from 

the antenna to the correlator block itself without the preceding information from 

the RF end band.   The cold start is anticipated to result in a substantial time 

delay due to the implementation of the actual acquisition process. Therefore, 

the acquisition time depends upon the following parameters:  acquisition 

algorithm, Doppler frequencies, and the number of channels available, the 

correlation per channel, code length and the condition of the signal.  

3.4.2. Tracking blocks 

The signal Doppler frequency and the code delay are refined and estimated in 

the tracking blocks. The tracking block is also used for the approximation of 

the carrier phase and further provides the continuous update approximation 

for signal conditions [170]. There are two distinct sets of locks that are looped, 

the Delay Lock Loop (DLL) and the Phase Lock Loop (PLL), respectively. The 

DLL is used to provide an accurate estimation of the code delay and its 

changes as time proceeds; the PLL is used to provide an accurate 

approximation for both carrier phase and Doppler frequency and the expected 

rate of change as time proceeds. The data signal is then divided into two 

streams, I and Q, respectively, where the codes are generated and mixed with 

early E, late L, and prompt P as illustrated in Figure 3.3.  
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The tracking loop is continuously and constantly updated so that it can match 

the phase of the received data signal, and the signal correlation values are 

molded [171]. The signal correlation values are modeled adhering to the 

notation of equations (3.14) and (3.15). Hence, at the sampling time t and the 

delay, E, L, and P are assumed to be the only data and expressed as follows: 

The estimation of the local code replica for E  
 

CD,E(t) = CD (t −  δ +
∆

2
)                                                      (3.17) 

 
The estimation of the local code replica for L  
 

CD,L(t) = CD (t −  δ −
∆

2
)                                                              (3.18) 

 
The estimation of the local code replica for P  
 
CD,P(t) = CD (t −  δ)                                                                                    (3.19) 

 
The error of the signal after passing through the loop filter is computed by the 

discriminator, and the pure functional mechanism used to maintain frequency 

locks is designed to recover the navigational data during the tracking process 

whenever it is required. The carrier aiding process is when the measured 

carrier loop is fed back to the coding loop. Carrier-AID is also involved with the 

improvement of code tracking by reducing the large influence of the data signal 

dynamics [172] . The purpose of the DLL discriminator is to extract the code 

delay error, which is processed by the correlator outputs depending on the 

combination of E, L, and P samples. Therefore, the correlator's output samples 

are used to establish the code, frequency, and phase code, categorized as 

follows: early minus late envelope, dot product power, and coherent.  

• Early minus late power 

DLLout. = (IE
   2 + QE

   2) - (IL
   2 + QL

   2)                                                 (3.20) 

This equation represents the non-coherent value of DLL, suggesting that the 

DLL is capable to operate autonomously of the data demodulation and residual 

phase carrier. The DLL output is deemed to be completely locked if the 

condition in equation is met. 

DLLout. = 0 and the  (IE
   2 +QE

   2) =  (IL
   2 +QL

   2)                          (3.21) 

• The early minus late envelope  
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DLLout  =  
√(IE

   2 + QE
   2)−√(IL

   2 + QL
   2)

√(IE
   2 + QE

   2)+ √(IL
   2 + QL

   2)

                                                (3.22)                                             

This is the normalized version where the division is being applied to remove 

the sensitivity of the amplitude and this is extensively adopted for GNSS 

GPS receivers. 

• The coherent  

The architecture of the coherent includes the use of the term (IP) that used to 

remove the data that is deemed to be unnecessary along the processing. The 

complete expression is: 

Dcoherent (γ)= (IE - IL)cos (δ) + [(QE - QL)sin (δ)] sign(IP)                     (3.23) 

The estimate of data δ is removed using the definite carrier path to achieve the 

better performances compared to non – coherent model. 

• The dot power product  

The dot product is used for lower computational cases and this architecture 

uses six values of the correlator where the prompt value is used to multiply 

each term as shown in equation (3.25).  

Ddot power (γ) = (IE −  IL)IP + (QE −  QL)QP                                              (3.24)                                                                         

Numerous GPS correlators in the markets uses the replicas of the early minus 

to ease the computation of the dot power. 

3.5. The Influence of the multipath signal on the GNSS code 
and pseudorange 
The primary goal of this section is to provide an assessment of the multipath 

influence on code delay approximation and pseudorange measurement, 

respectively [173]. The historical and current activities in the field of GPS 

innovation are carried out with the determination to improve the navigational 

signal compared to the legacy GPS systems, with the most promising 

approach of presenting the signal in a combination of different views being 

considered. 

3.5.1. The definition of the raw code and range error for multipath 

signals 

The delay codes of the DLL approximation are converted to pseudorange 

measurement codes as soon as they reach the receiver. The outputs of the 

DLL are the code delay and are transformed into pseudorange measurement 
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format. Hence, these innovative pseudorange measurements are called the 

raw multipath range error and are numerically expressed in equation (3.25). 

MεL1C = Cdata.εtracking                                                                     (3.25) 

where the: 

• MεL1C  signify the multipath error of the GPS L1C signal  

• Cdata is the data waveform and the  

• εtracking is the code tracking error of the multipath signal  

The range error for multipath raw code is categorized in three forms to express 

the involvement of the satellite constellations.  

• The GPS L1 code pseudo-range measurements have multipath error and 

are represented by GPSL1C in equation (3.28) and by Galileo E1 in 

equation (3.29). 

• The GPS L5 code produces pseudo-range measurements with multipath 

error and is represented by GPSL5 in equation (3.30) and by Galileo E5a 

in equation (3.31). 

• The ionosphere-free GPS L5 + GPS L5 code pseudo-range measurements 

have multipath error, which is represented by in equation (3.28) for GPS 

L1C and GPS L5, and in equation (3.30) for GalileoE1 and GalileoE5a. 

The GPS and Galileo have different ionosphere mediums to allow the transfer 

of the different signal modules and frequencies at different speeds. The GNSS 

receivers are well designed to measure the pseudorange from the space 

satellite using dual frequencies. Such measurements can be combined to form 

the ion-free pseudo-range measurements that are considered to be unaffected 

by the ionosphere delay of the first order. The first-order residual of the raw 

code ionosphere ranging error is defined using and for both GPS L1 and GPS 

L5 frequency bands, respectively. The following numerical expression is 

established to define the range error and the raw code for the ionosphere. 

From equation 3.43, the fL1 and fL5 signify the frequency links for GPS L1 and 

GPS L5. 

εrc Iono,L5 (fL5)2 = εrc Iono,L1 (fL1)2                                                                         (3.26)                                          

Therefore, the GPSL1C/A, GPSL5, GalileoE1 and the GalileoE5a pseudo – 

code measurements are given by the following equations. 
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The GPSL1C/A - GPSL5  

βL1C−L5 = faβL1C + fbβL5                                                                            (3.27)                       

GalileoE1- GalileoE5a  

βE1−E5a = faβE1 + fbβE5a                                                                      (3.28) 

• βL1C−L5 and the βE1−E5a are denoting the pseudo –range code for GPS L1 

C/A and the GPSL5, and the GalileoE1 and GalileoE5a respectively.  

•      fa = 
fL1

2

fL1
2−  fL5

2 , where fa is the regulating function to control the 

frequency moving from GPS L1 to GPS L5. 

•      fb = 
fL5

2

fL5
2−  fL1

2 , where fb is the regulating function to control the 

frequency moving from GPS L5 to GPS L1. 

The following equations (3.31) and (3.32) represent the iono free L5 + L5 code 

pseudo – range measurements multipath error. 

 MεL1C−L5 = fa  MεL1C + fb  MεL5                                       (3.29) 

MεE1−E5a = fa  MεE1 + fb  MεE5a                                       (3.30) 

3.5.2. Evaluating the estimate of the code delay in the presence of 
multipath signal 

For simplicity, the code delay needs to be estimated in a multipath free 

scenario to ensure that, the impact and the presence of the multipath signal 

will be accurately evaluated. The stability represented by  

ACdata (τdata +  
∆

2
) = ACdata (τdata −  

∆

2
)                                                      (3.31) 

where the: 

• ACdata(. ) is the auto-correlation function of the data module of the 

received signal and point of constancy is reached if  𝜏𝑑𝑎𝑡𝑎 = 0.  
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Figure 3.4: The Standardized correlator outputs for GPSL5 – without signal 
multipath. 

Figure 3.4 show the evolution of three functional graphs:  ACdata(τdata), 

ACdata (τdata +  
∆

2
) and,  ACdata (τdata −  

∆

2
) and the stability point where the 

chips  ∆ is between [-1.5; 1.5] for GPSL5-P. This concludes the insignificant 

error in the estimation of the delay code. The second step in evaluating and 

comprehending the impact of the multipath code delay is to consider the 

situation where the original direct signal and the resonance or echo are 

received by the receiving antenna at the receiving end. The amplitude 𝑎0 and 

the change in chip ∆𝛿1 are being incorporated to the equation (3.34) and (3.35). 

The stability of the code delay in the presence of the multipath signal is 

presented in the following way:  

STCD= a0ACdata (τdata −  
∆

2
) + a1ACdata (τdata + ∆δ1 − 

∆

2
)                          (3.32) 

STCD =  a0ACdata (τdata + 
∆

2
) + a1ACdata (τdata + ∆δ1 +  

∆

2
)                       (3.33) 
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Figure 3.5: The standardized correlator outputs for GPSL5 – with the single 

echo signal. 

Figure 3.5 shows the evolution of two functional graphs: a0ACdata (τdata +  
∆

2
) +

a1ACdata (τdata + ∆δ1 +  
∆

2
)  and the  a0ACdata (τdata −  

∆

2
) + a1ACdata (τdata +

∆δ1 −  
∆

2
)  in respect of the GPS L5-P function. The following assumptions were 

made: a0 = 0, a0 = 0.5 and the change in chip ∆δ1 is [-3; 3]. Furthermore, 

Figure 3.11 shows that in the presence of the multipath, the correlator outputs 

GPSL5-P are pretentious due to the distortion that is entirely dependent upon 

the values of the amplitude, carrier phase resonance, and code delay. The 

stability point in this case is reached when the discriminator output is 

insignificant. 

3.6. The analysis of the GNSS multipath performance for both 
Galileo and GPS 

There are numerous activities in the field of space engineering to improve the 

overall navigation performance by integrating traditional and recent 

applications. Recently, we have witnessed the development of the European 

satellite Galileo and the Chinese satellite BeiDou, or compass. This is a very 

promising approach in the field of GNSS that optimizes the currently used 

modulation schemes.  
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The development of the Galileo and BeiDou has provided a significant 

improvement in terms of the navigation data code noise, the tracking strength 

in the narrow and wide bands, and the multipath. Hence, it is anticipated that 

the novel civil signal will be made available to the restructured GPS and Galileo 

satellites in the future, and errors such as the ionosphere error are expected 

to become less significant [174]. The ionosphere will be minimized through the 

computation of the ionosphere correction adhering to the dual frequency band 

and the use of the SBAS. Despite all of these efforts to improve GNSS 

performance, multipath and mitigation techniques continue to be a source of 

concern for navigation applications.  

As a result, the impact of multipath is considered in many GNSS 

developments, as are techniques to mitigate such an impact. However, there 

are other concerns such as noise in the signal and signal distortion that are 

being considered in the design of Galileo and the innovative GPS. The most 

popular methodology to describe the impact of the multipath in the spectrum 

is to compute the multipath envelopes [175]. The multipath envelopes consider 

two options: one multipath signal and more than one multipath signal. The 

computation of the multipath error envelopes is not the only computing model 

available; there are more compound models available in the event that more 

than one multipath signal is present. The most popular models are the 

statistical channel models that are operated based on the parameters obtained 

from diverse environments[176]. Hence, the resultant multipath error will be 

computed for the GPS C/A and the Galileo signal. 

3.7. The GNSS signal modulation and processing  

There are three signal samples that are used to visualize the different criteria 

of the multipath [177]. The currently used GPS C/A represented by the BPSK 

(1) signal sample, CBCS (20%) and the BOC (1, 1). Figure 3.12 illustrates the 

autocorrelation of these signal samples.  
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Figure 3.6: The analysis of the autocorrelation function between the three 
sample signals [177]. 
 

The BOC modulation uses the signal that is generated by the product of two 

signal signals in the baseband. These signals are non-filtered square signal 

with the sub – carrier frequency   fs,c  that is equal or higher than the chip rate 

rc and the non – filtered PRN code with the chip rate value of [±1]. Hence, the 

general equation to express the BOC modulation of the sine-phased signal 

with respect to t is: 

YBOC(t)  = ∑ ckh( t −  kTc)k sin (2πfs,ct )                                                    (3.34)         

where the:  

• ck  is representing the waveform sequence 

• h(t) is representing the Non-Return to Zero of the materialization code 

duration Tc  

Equation (3.37) is the alternative model to define the BOC modulation is 
defined by the waveform chip. 
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YBOC(t)  = ∑ ck βTc( t −  kTc)k sin (2πfs,ct)                                                            (3.35) 
 
The purpose of the square carrier in the BOC modulated signal is to divide the 

main section of the PRN spectrum into dual lobes carrier frequency. The BOC 

modulation parameters are denoted by BOC (fs,c , rc) for the GPS and BOC 

(n, m) for Galileo signal.  

3.7.1. Weighted multipath error envelopes  

There are two schemes for the multipath error envelopes that function 

differently. The multipath is scaled by the scheme one error envelope based 

on its amplitude and distribution path. The distribution of the direct path 

amplitude adheres to the Rayleigh distribution, especially in the signal-

shadowing scene [178]. The multipath error envelopes differentiate the model 

between the near reflection, direct path, and far reflection. Hence, the 

distribution of the near multipath signal reflection subjected to the delay 𝜏 is 

represented in the equation. 

PNMS() = 
1

τ0
 e

−τ

τ0                                                                                           (3.36) 

With this equation it is assumed that PNMS() = PMD(τ) This multipath power is 

linked to the PAD (τ) is the amplitude distribution. Hence, the new equations 

will be 

PMD() = 
1

τ0
 e

τ

τp and PAD() = 
Cr

√τp
 e

τ

2τp                                                         (3.37)   

The modelling of the multipath delay uses PMD() and the PAD() for the 

multipath amplitude modelling, the Cr reflection coefficient and the τp for the 

path delay. This is very similar to the statistical channel mode. This model 

suggests the following: 

• The long delayed multipath is likely to occur more regularly than short 

delayed multipath. 

• The comparatively weak multipath signal path is caused by the long 

geometrical path delay.  
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Adhering to equation (3.38), the combined multipath distribution DC(τ) 

amplitude and delay is: 

DC1() = PMD()PAD()  
Cr

τp√τp
 e

3τ

2τp                                                            (3.38) 

Equation (3.38) is then used to scale the envelope of the multipath error and 

the coefficient reflection is involved with the computation of the multipath error. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.7: The Evaluation of weighted multipath error envelopes between the 
three GNSS sample signals. 

Figure 3.7 shows that there is no substantial variance between the BOC (1, 1) 

and BPSK (1) modulated signal samples. The performance of the CBC is much 

better than the other two signal samples. Hence, the CBC-modulated signal 

sample is the short-delay multipath. The envelope error multipath analysis 

always represents the worst-case scenario, similar to the power delay method 

and the profile statistical channel model [179]. The second scheme of the 

weighted multipath error envelope adheres to both scheme one and the power 

delay profile of multipath error. Other than using comprehensive statistical 

data, it assumes a simple power delay profile. 
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The distribution equation with the relative amplitude αr is expressed as: 

DC2() = 
αr

τ0
 e

−τ

τ0                                                                                          (3.39) 

Equation (3.41) presents the equitably qualitative performance evaluation of 

multipath error by computing the area enclosed by the envelopes. 

3.7.2. The predictable multipath errors code 

The data in Table 3-1 is expanded to provide insight into the detail signal 

parameters considered for Galileo signals and the innovative GPS L5 signal 

using the concept of weighted multipath error envelopes [180]. Table 3-1 

provides the multipath signal computing parameters for L1-L5 and the E5-E6 

frequency bands. The navigation data messages must protected with three 

error encoding levels to improve the fame and bit error rate. 

• The Cyclic Redundancy Check (CRC) detects transmission errors by 

including a supplementary checksum bit in each frame [181]. 

• The half-Forward Error Correction (FEC) is used to encode the receive 

signal using the convolutional code by inserting one additional data bit per 

message [182]. 

• The interleaving block helps avoid the burst errors, ease the work done by 

the FEC, and avoid the dispersal of the error along the entire data frame. 

The Galileo has four types of data that are enabled to be carried by different 

radio navigation signals, and they provide a clear relationship between the 

frequency links L1-E5-E6. 

• The Safety of Service (SoL) signal data denoted by the: DL1(t) and DE5(t) 

• The Public Regulated Service (PRS) signal data represented with the 

following terms: DL1(t) and DE6(t)  

• The Commercial Service (CS) signal data: DE5(t),  DL1(t) and DE6(t)  

• The Open Service (OS) signal data mostly available to all users: DL1(t) 

and DE6(t) 
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The MBOC is also expected to improve the GPSL1C signal. The use of the 

AltBOC (15.10) modulation improves performance in terms of mitigating 

multipath using a wider bandwidth. The wider bandwidth has the constant 

envelope to offer improved efficiency. 

3.8. The GNSS signal multipath detection and monitoring 

This section provides a comprehensive review of the numerous approaches 

that are used to monitor the multipath effect. This is very important since it 

helps improve the signal quality in case signal interference or multipath are 

detected. The discussion of these approaches is articulated in respect of their 

realistic and meaningful benefits and downsides, including the possibility of 

instant multipath detection. 

3.8.1. SNR monitoring 

The SNR multipath monitoring algorithm can be implemented in two 

approaches. The first approach is based on the theoretical computation of the 

data obtained from the link budget. The second approach to SNR monitoring 

is based on the polynomial definition of the anticipated C/𝑁0 adhering to the 

elevation angle obtained from the calibrating measurements [183].  

3.8.2. The 𝑪/𝑵𝟎 profiles recordings 

This monitoring algorithm needs the 𝐶/𝑁0 remark recorded by each and every 

satellite in the view. The mathematical expression of the obtained 𝐶/𝑁0 profile 

is expressed in terms of elevation angle E and the coefficient 𝑎𝑛 of the 𝑝𝑡ℎ 

polynomial order [184]. In many cases the antenna is assumed as the second 

polynomial order.  

C/N0 =  ∑ αn
p
n=0  (A, E)                                                                              (3.40) 

In case the antenna pattern rotation is not symmetrical to the vertical line, the 

function will result to the elevation E and azimuth A as shown in equation 

(3.40). 
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3.8.3. The link based budget computations 

In this case, the receiver uses the C/N0 obtained information to compute the 

link budget, the general expression is defined in equation (3.40) and adheres 

to the received power Pr and the density of the spectrum noise Ns. Equation 

(3.41) also has the satellite transmitted power PT  for the specific signal, the 

gain for the transmitting antenna GT    and gain pattern for the receiving 

antenna GT    , atmospheric losses   LA,the satellite between the receiver and 

the satellite R, the carrier wavelength   and the spectrum losses N0. 

C/N0 = 
Pr

Ns
 = 

PT GR  GT     

4πR2LA
. 

λ2

4π
 . 

1

N0
                                                                     (3.41) 

The main shortcoming of this approach is the difficulties that are frequently 

encountered during practical involvement to obtain the required information. 

The parameters must be known accurately, especially the gain pattern for the 

transmitter and the receiver [185]. The circuit of the receiving hardware is 

responsible for the regulation and control of the spectral noise density. The 

noise parameters may not be available or known in some cases, and the 

polarization losses are the additional parameters that are likely to affect the 

computation.  

3.8.4. Monitor thresholds 

According to [186] the threshold monitoring is using the theoretical standard 

deviation to compute the predictable C/N0 values and expressed as following: 

QC/N0

2  = 
1

M T2  (1+2TC/N0)                                                                                                  (3.42) 

Where the: 

• T is representing the coherent integrating time  

• M denote the total number of the integration to achieve the required 

estimation of C/N0 

The integration time settings of the GNSS receiver is T = 0.02 seconds 

adhering to 50Hz of the data rate. 
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3.8.5. Code Minus Carrier (CMC) monitoring 

The CMC multipath monitoring is using the algorithm of differencing the carrier 

and code observations since both observations are likely to be affected by the 

presence of the multipath signal. Because the carrier multipath is much smaller 

than the code multipath, it is normally hidden in CMC monitoring analysis [187]. 

Hence, the CMC is appropriate for code multipath monitoring. The carrier and 

code observations are expressed as follows: 

The code observes an equation. 

Pcode =  DS&R + β(dts − dTr) + dI +  dT + τPR                                        (3.43) 

The code observing equation 

Pcarrier =  DS&R + β(dts − dTr) −  dI +  dT +  λNaτδ                                   (3.44) 

where the:  

• DS&R signifies the geometric range between the satellite and the receiver  

• dts   presents the error in the satellite clock 

• dTr   denotes the error in the receiver clock   

• dI  and  dT are representing the Ionospheric path delay and the 

Tropospheric delay respectively.  

• λ is the carrier path wavelength 

• Na represent the integer phase ambiguity 

• τPR  and τδ  represent the sources of error and noise, the carrier or code 

noise and carrier or code multipath 

The formation of the CMC has numerous advantages, such as the elimination 

of the tropospheric path delay, ephemeris error, and clock errors. According to 

[68], in order to detect the presence and influence of the multipath consistently, 

the trend of the long periodic ionosphere must be eliminated, as must the effect 

of the thermal noise. Such interventions require the digital band pass filter to 

be applied in the data monitoring and are called filtering of the CMC 

observations, as illustrated in Figures 3.14 and 3.15. 
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Figure 3.8: The filtration of the simulated CMC observation.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.9: The 8th Butterworth filter for CMC observables.  

Figures 3.8 and 3.9 illustrate the influence of the ionosphere, modeled as a 

polynomial of second order applying the sinusoidal waveform.  
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From these two figures, the effect of the thermal noise was observed and 

smoothed out, and the ionosphere has been removed through the filtration 

process. Figures 3.8 and 3.9 further illustrate the CMC observation filtration. 

On the other hand, the CMC observations are likely to contain a huge influence 

of phase and code noise, with the predominant effect represented by code 

noise. In that case, monitoring of the threshold is required, and the actual 

discriminator of the user monitor must be known so that code discriminator will 

be used to monitor the threshold [188]. The spectral analysis suggests the use 

of the CMC observables by transforming its observations into a frequency and 

analyzing the dominant fading frequencies in the spectrum. As a result, the 

influences of the multipath can be detected using the appropriate detectors 

and conforming threshold analysis. 

3.8.6. Multipath Estimation Delay Lock Loop (MEDLL) 

The MEDLL is the multipath mitigating technique that was developed around 

1990, adhering to the basis of the Maximum Likelihood (ML) estimation 

method. The main aim of this method is to approximate the key multipath 

parameters such as relative multipath phase, amplitude, and multipath delay. 

MEDLL is also suitable for detection purposes due to its huge capacity for 

estimating the multipath parameters. The MEDLL is capable of using larger 

numbers of correlators during the sampling and further analyzing the peak 

correlation where the computation is carried out in time by the time center 

paradigm without requiring the information from the previous time [189] . 

MEDLL can be implemented on a real-time basis to detect and monitor the 

multipath; however, it has the huge downside of requiring a large amount of 

the correlator and a huge database for computation. 

3.9. The techniques to mitigate the multipath signals  

This section provides an impression of the most significant and popular 

multipath mitigation techniques, with a focus on the receiver's internal 

techniques. This chapter begins with the description of the most popular 

mitigating techniques, and the balance of the chapter provides the mitigation 

techniques for BPSK (1) for the recent GPD C/A code. For simplicity and the 

computation of the correlation function, 16 MHz is assumed for the pre-

correlation bandwidth.  
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Most of the mitigating techniques apply the same principles as the multipath 

detection techniques. There are numerous multipath mitigating techniques 

globally that are dependent on the design of the whole navigation system, 

including the choice of component being used. Therefore, this section will 

briefly discuss a few multipath mitigating techniques. 

3.9.1. The narrow correlation 

This is the first approach and it has been introduced to the GPS receiver to 

mitigate the effect of the multipath. This is for code multipath mitigation. The 

narrow correlation indicates that, the chip spacing is less one between early 

and late code. The author in [188] suggested the chip spacing between early 

and late code must be d = 0.1 so that the discriminator function can build up.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10:  The Evaluation of the GNSS code discrimination and multipath 

signal error envelope for the chip rated 0.1 for the Narrow Correlator. 

 
Figure 3.10 illustrates the differences between the standard and narrow 

correlator. Comparing the two correlating techniques, the effect and influence 

of the multipath signal can be mitigated by using narrow correlation techniques 

where the multipath signal is detected or suspected. The narrow correlator is 

sensitive to the chip spacing of d = 0.1, where the maximum multipath error is 

expected. The standard correlator has path delays of up to 1.5 chips and more 

thermal noise than the narrow correlator. 
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3.9.2. Special antennas 

The special antenna for multipath mitigation is very popular because it 

influences the multipath signal before reaching the receiver. This approach is 

being proposed and considered in this thesis for further improvements. The 

choke rings are the simplest means of multipath mitigation if the special 

antenna is suggested. Choke rings have numerous concentric rings situated 

about the GNSS antenna. The Multipath Limiting Antenna (MLA) has two 

separate gain patterns [190]. The most popular antenna is the High Zenith 

Antenna (HZA) that is used for high-elevation satellites, and the signals for 

low-elevation satellites are dedicated to the separate antenna. Both antennas 

are connected to the different receivers, and the advanced processing unit is 

needed to combine the carrier and pseudo-range from the two antennas into 

one antenna called the virtual receiving antenna. This concept is anticipated 

to reduce the effect of the multipath, and the measurements of the noise in the 

signal are very low. The phased array antenna is made up of the several 

antennas arranged in an effective way to improve the gain patterns and other 

relevant parameters.  The effective antenna pattern is reinforced in the desired 

direction and suppressed in the undesired direction. This technique is called 

beam forming as it allows the antenna to create the beam that will point in the 

direction of the satellite [190]. 

3.9.3. The double delta correlator 

A double delta correlator is used for distinct discrimination of the codes that 

are formed by two correlator pairs. The double delta is also called a High-

Resolution Correlator (HRC), and the general concept of the tracking principles 

is explained in [191]. There are two popular types of double delta correlator, 

the Nth derivative correlator and carrier smoothing. The discriminating function 

of the derivative correlator is built up by assuming that the Nth derivative 

correlator is the function and the undistorted signal is represented by the odd 

number of the Nth derivative correlator. The discriminating function is 

anticipated to be zero at the tracking point. 

PSRSmoothing(t) = [
1

YT
] PSRraw(t) + [

YT−1

YT
] PSRpredicted(t)                          (3.45) 

 

YT = 
Ssm

Tdata update
                                  (3.46) 
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where:  

•  t is the current time 

•   PSRSmoothing is the smoothed pseudorange in the specific time  

•  PSRraw is the observed pseudorange in the specific time 

•  PSRpredicted is the projected pseudorange derived from successive carrier 

observation of the previous cycle. 

•  Ssm is the smoothing time constant and the  

• Tdata update is the time interval for data update. 

3.9.4. Carrier smoothing 

The carrier smoothing uses the smoothing algorithms to mitigate the multipath. 

The smoothed carrier pseudorange is obtained through the combination and 

processing of the code and carrier observations. Because the carrier 

observation is less affected by noise, this modelling approach is widely used 

for code observation [192]. Hence, the code multipath and noise are reduced 

significantly through the smoothing process. The analysis of the standardized 

deviation of the smoothed pseudorange carried out by rearranging and 

expanding (3.48) to be: 

PSRSmoothing(t) = [
1

YT
] PSRraw(t) + [

YT−1

YT
] PSRsmoothing(t − 1)+ Δ PSRξ(t)  (3.47) 

From the law of the error propagation and equation (3.50), the standard 

deviation of the smoothed pseudorange is derived, and the observed 

pseudorange  PSR(sm,t−1) , the smoothed pseudorange (t − 1)th and 

pseudorange difference Δ PSR(t−1) are not correlated. Hence, the variance of 

the smoothed pseudorange is:  

δsm,k
2  = [

1

YT
]

2

δraw
2  + [

YT −1

YT
]

2

δsm,t−1
2  + [

YT −1

YT
]

2

δΔPSR,t−1
2                                (3.48) 
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The constant of smoothing period is much larger than time intervals for data 

update and the detailed results and analysis are found in [193]. 

3.10. The Maximum Likelihood Estimation of the amplitude, 
code delay and phase shift.   

In this section, the model for multipath propagation estimation is proposed 

starting by the innovative analysis of the MLE for signals from four satellites. 

The MLE is the numerical approach of estimating the probability of the specific 

parameter through maximizing the function of likelihood.  In this context the 

MLE algorithms estimate the multipath parameters originating from the space   

ζM =  (ζ1 … . ζM)  to maximize the Probability Density Function (PDF) fPDF(x) =  

ζM for the specific set of data and pilot xD/P = ( x1, … . xN) in the message. This 

section is set to estimate the key multipath parameters, the multipath phase, 

and amplitude and delay which are expressed using the numerical algorithms. 

Recalling the equation illustrated in equation (2.21) for baseband incoming 

signal, to estimate the additional multipath error, the new equation is presented 

in equation (3.49) below. 

S0(t)   =  ∑ ak,m+1
Mk+1
m+1 (t)εjϕk,m+1(t)𝛏𝐤,𝐦+𝟏 (t − τk,m+1(t)) + En(t)                (3.49) 

where the: 

• ak,m+1 is the amplitude with the possibility of the new multipath component  

• εjϕk,m+1(t) is an exponential increase of the multipath components  

• 𝛏𝐤,𝐦+𝟏   is the rotating direction of the satellite that contribute with multipath. 

• ϕk.m+1  is the phase with the possibility of the new multipath component 

• τk,m+1   is the delay with the possibility of the new multipath component 

• En is the additive noise 

The scientific contribution of this section is to analyze the limit of the theoretical 

accuracy of this approach and further use the MLE to estimate the Doppler 

shift and time delays in the multipath propagation signal. Hence, the values at 

(mk + 1)  are expected to be diverse between satellite channels. Considering 

the concept of GNSS trilateration for the visible Mk satellites, the received 

GNSS signal is superposition of the transmitted signal from visible satellites 

propagating through the corresponding channel.  

 

 



76 
 

 

 

Each antenna of the GNSS user receives the different duplication of the signal 

represented in equation (2.21). However; those signals have the different 

phase depending on the antenna geometry and the arrival direction. The 

direction of signal arrival and antenna geometry are represented using the 

following vector model contain the spatial signature matrix for arrival direction  

𝐺𝑘 from the visible satellites, the diagonal vector of the amplitude 𝐴𝑘, the 

element related to the Doppler shifted and delayed narrowband signal 

envelopes that are sometimes scaled to mitigate the impact of the multipath 

and the additive noise. 

xk(𝑡) = GkAkdk,narrow channel+ En(t)                                                           (3.50)                                           

      
The above equation is the general expression to define the vector of the 

observed signal ( 𝑥𝑖(𝑡)€ ℂ𝑁𝑖𝑥 1), the matrix that is related to the arrival direction, 

antenna array geometry and multi-constellation vector ( Gk € ℂNkx k ), the 

amplitude vector along the diagonal side ( Ai = € ℂMkx Mk ), the envelopes for 

Doppler shifted narrowband signals ( d € ℂMkx 1, sM(t −  τM)ej2πfM1t and the 

expected noise inclusive of all other disturbing terms in the space ( wk(t)€ 

ℂNkx 1 ). The baseband signal function in equation (2.21) is considered to be 

the limited finite average power signal to demonstrate the reliability of the MLE 

and implies the analogue autocorrelation. The Doppler spread is the additional 

effect that modifies the satellite transmitted signal when is captured in the 

manifold antenna of the GNSS receiver. Hence, the relative motion between 

the GNSS transmitter and receiver causes the shift in the received signal. This 

condition of frequency broadening was discovered long time ago and the 

details are reported in [194]. Such Doppler deviations are encompassed in 

equation (3.52) as the phase of the linear component. The propagation 

channel of the single satellite is expressed in equation (3.53). Equation (3.53) 

used for the purpose of analysis and is anticipated to be valid because is 

independent to the nature of satellite communication links.  
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Furthermore, the additive noise term is neglected, the carrier frequency for 

navigation data is fcN and the multipath is assumed to be equal to one 

considering the LOSS from propagation channel.  

(STN(t)ej2πtfcN) =  ak(t)sT(t −  τ0)ej2π(t− τ0)fcN                                          (3.51) 

In that case, the effect of the Doppler shift is modeled using the shift of the 

ordinary frequency and this is known as the hypothesis of the narrowband 

signal model [195]. In order to illustrate the stability and reliability of the MLE, 

the baseband signal is considered and is assumed to have limited finite 

average power and implies the analogue autocorrelation.  

𝑋𝑁𝑠𝑠(𝜏) =  lim
𝐾𝑖→∞

1

𝐾𝑖
∫ 𝑆𝑇(𝑡 −  𝜏𝑖)𝑆∗(𝑡)

1

𝑁𝑘
𝑑𝑡                                                     (3.52) 

From equation (5.19)  𝑁𝑘 is satisfying the Nyquist criterion and this concept is 

extended to incorporate the Doppler shift and expressed as:  

YNSS (τk − τk) =  lim
T→∞

1

T
∑ s(kTs − τi)s ∗ (kTs − τk)T

1
                                  (3.53) 

The algebraic matrix form is used to compute the time delay of each antenna 

in the multi constellation context and expressed as: 

  ξ  M = ejπXY                                                                                                                     (3.54)                                                 
 
The ξ  M  matrix function depends upon the geometry of the antenna type and 

design, and this is considered to be the unique spatial signature and the 

wavenumber matrix x € YMX3 is defined as: 

 

X = [
cos (𝜃1)cos (𝜎1) sin (𝜃1)sin (𝜎1) 𝑠𝑖𝑛𝜃1

⋮ ⋮ ⋮
cos (𝜃𝑀)cos (𝜎𝑀) sin (𝜃𝑀)sin (𝜎𝑀) 𝑠𝑖𝑛𝜃𝑀

]                                    (3.55)

          

In equation (3.54), the element of positioning is normalized adhering to half 

units of the wavelength in accordance to local navigation and positioning 

systems. Hence, equation (3.55) further agrees that, the direction of arrival is 

contained. For multi-constellation, the transpose of Gi € ℂNkx Mk is used and 

anticipated to be: 

GT =  ƓTsa *   Gi € ℂNkx Mk                                                                         (3.56) 



78 
 

The transpose of   Gi  is for the impinging signal is taken along with sampling 

time Tsa to satisfy the Nyquist criterion. The sampled data over time is using 

the same pattern as equation (3.56) and expressed as:  

xi(t) = Ƈ ζ(t, τ) +  En(t)                                                                                   (3.57)
   
where: 

 𝜏 = (τ0   … τk−1)Tsa                                        Hk * 1                           (3.58)

      

Ƈ = (a0 … ak−1)                                            Mi * Hk        (3.59)

   

ζ(t, τ) = s(δTs −  τ0) …  s(δTs −  τ1) … s(δTs −  τk−1)  Hk *                   (3.60)

     
This section is concern about incorporating the concept of new path detection 

into CSD multipath mitigating technique. According to [127], the Galileo and 

GPS are interoperable, and the GPSL5 signal and GalileoE5a signal are 

sharing the same frequency. In this study, we exploit such advantages to 

improve the reliability of the GPS systems using the advanced capabilities of 

the GalileoE5a. Hence, the collected signals from various satellites are 

grouped together and expressed as:  

Xk =  [xk(1)  xk(2) …    …  yk[N] = Ƈ ζ(τ) +  ξ                                          (3.61) 

Where the ζ(τ) ∈ ℂk∗N  and   ξ ∈ ℂm∗N   are identically  and support  Pk in terms 

of data filtration for multi – constellation in structured multi antenna 

environment. Equation (3.62) and (3.63) are satisfying the assumption of the 

narrowband hypothesis and these equations are appealing to the common 

signal processing problems that are common to many multi-signal conditions. 

Hence, we assumed that, the time that is required for the various signals to be 

grouped must be smaller than the inverse bandwidth in order to address such 

problems relating to multi signal processing time. To develop the algorithms 

and procedure of estimating the amplitude, code delay and phase shift, we 

recall equation (2.11) used to define the monitoring of the multipath signal 

along the propagation channel and further recall equation (3.5).  
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Following is the flow chart that briefly explain the concept of the MLE from the 

input signal to the end user when estimate the amplitude, code delay and 

phase shift in the context of GNSS multipath signal. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: The flow chart of the proposed MLE of the amplitude, code delay 

and phase shift. 

The numerical explanation of Figure 3.11is following: 

1st step 

s(X)(t) to s(t) =  ∑ αx δ (t − τx
M
x=0 ) ej2πfD,x t+jθx                                                 (3.62) 

2nd step  

Determine the comprehensive value of  s(m)(t) and estimate the signal 

parameter αx , τx and θx 

Recap: αx is amplitude, τx code delay and θx phase shift  

3rd step  

Re – evaluate the signal parameters αx , τx and θx 

The x input denotes the GNSS satellite and M denote the multipath, the 

assumption made is x = M 
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Hence, new algorithm will be:  

s(M)(t) to s(t) =  ∑ αM δ (t − τM
M
x=0
𝑥=𝑀

) ej2πfD,M t+jθM                                     (3.63)       

4th step  

If changes not detected in αx , τx and θx, repeat second step  

If changes in αx , τx and θx are detected, and x < M and M continue to 

upturn, the desired multipath has been detected.  

3.11. Summary and conclusion   

Numerous models are used to characterize the GNSS multipath signal 

propagation that have been discussed and examined to explore their realistic 

contribution to the analysis of the GNSS multipath. A comprehensive analysis 

of the multipath has been carried out in this chapter, starting from the definition 

of the data transmission channel. It has been noted that, in the existence of 

the multipath signal, the wideband model for transmission is widely adopted 

for the transfer function. Hence, the receiving antenna needs to be modelled 

to accommodate the issue of multipath signals, the direct and echo signals of 

which are the fundamental objective of this research. In chapter four of this 

research work, the collective signal detection technique is introduced to 

address the issue of signal multipath. This approach is to mitigate the carrier 

multipath in linear combinations. 
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CHAPTER FOUR 
 

The Combined Signal Detection of the Diverse GNSS signals 
to mitigate the carrier multipath in linear combination 

 

The previous chapter discussed the various techniques for mitigating the 

multipath and further estimated the changes in amplitude, code delay, and 

phase shift caused by the presence of the multipath component. In this 

chapter, we present the concept of the Combined Signal Detection (CSD) 

technique to alleviate the impact of the multipath signal estimated in Chapter 

3. The CSD is the most capable technique in terms of signal acquisition to 

calculate position, velocity, and time in challenging locations. The CSD 

technique is based on the concept of multiple frequencies among the 

numerous GNSS constellations, in this case, the GPS and Galileo 

constellations. The concept of CSD in multi-frequencies conditions is briefly 

introduced in this chapter, and the rest of the chapter provides a 

comprehensive analysis of the signal degradation sources in GNSS receivers 

that are capable of processing the multi-GNSS signals. 

4.1. Background   

In previous chapters, the structure GNSS signals and multipath mitigation 

techniques were reviewed. Such discussions concluded that most of the 

currently used multipath mitigating techniques are still unable to mitigate the 

multipath in cases of residual multipath error to the extent where high accuracy 

is required. The current networks of GNSS constellations make multi-

frequency measurements available. The multi-frequency technique is utilized 

to mitigate the errors in the ionospheric region. The multiple frequencies form 

the linear measurements of the combined frequencies. Despite the fact that 

multipath error is strongly dependent on GNSS frequency, current techniques 

focus on a single frequency level, this is the case.The GNSS multipath affects 

both carrier phase and pseudorange measurements. However, the effect of 

the GNSS multipath in pseudorange is higher than the measurements of the 

carrier phase. To characterize and analyze the impacts of GNSS multipath in 

urban areas, the signal noise ratio (SNR) and elevation angles are used.  

The carrier multipath errors have a dispersive nature; hence the effort of this 

thesis is to mitigate the multipath errors in their linear combinations.  
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The urban city makes extensive use of GNSS receivers embedded in smart 

phones and tablets to form a business market known as location-based 

service. Hence, GNSS users expect a high level of accuracy. However, the 

urban environment is the one location that generates difficulties in the 

response of the GNSS signals. Hence, the GNSS signals are not well captured 

in urban areas due to the reflection that is caused by the tall buildings. The 

acquisition of the GNSS in difficult environments is a difficult task because the 

signal power is too low. Therefore, it is difficult to acquire and track all signals 

separately. The GNSS signals are affected by numerous factors (interference, 

masking, jamming, and multipath). The concept of the CSD is that the 

multipath signals will be acquired and tracked collectively. Furthermore, the 

strong ones will assist in the detection of weak signals from satellite. The CSD 

is dependent on GNSS signal acquisition techniques. Hence, a thorough 

analysis of signal acquisition is mandatory before applying the proposed 

methodology. 

4.2. The working Principle of Collective detection of the 

GNSS multipath signals 

The combined detection of the multipath signal strongly depends on the 

assistance of GNSS data. Hence, the GNSS data used in this research is IMF, 

or the concept of multi-frequencies in line-of-sight combination. The simple 

idea of adopting collective detection is to utilize the strong signals to detect the 

weak signals in a multi-satellite environment. The concept was boosted by the 

progress made in advancing the interoperability between GPS, Galileo, and 

BeiDou.  

The main idea of proposing the CSD was to conduct the GNSS signal 

acquisition over numerous iterations and refine the search for strong signals 

to obtain accurate data. According to [02], the CSD is capable of improving 

signal detection and dB levels. However, the CSD requires intensive 

computational work to accommodate all candidate points.  

Hence, numerous approaches were suggested to resolve the issue of 

computation. [03] proposed using a correlogram at the start of the signal and 

a satellite search to accelerate detection. Because most of the new GNSS 

constellations, including the augmentation systems, were still in development, 
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this technique required the evaluation of the correlogram of all visible satellites 

from a specific GNSS constellation (e.g., the GPS constellation only). Once 

the satellites are identified, they are then combined into a common clock bias 

domain to create the projected position and time domain. Furthermore, the 

correlation values of the CSD are pre-stored in the database, which requires 

large database memory. In cases where the sampling frequency is high, the 

Fourier Fast Transform (FFT) is used to evaluate the correlogram of each 

satellite in view. Hence, this thesis focuses on the CSD and introduction of IMF 

from the multi-GNSS constellations (e.g., the GPS and Galileo constellations). 

In the CSD approach, the GNSS satellite signals are acquired collectively, with 

the search for code delay being mapped to the receiver clock bias. Therefore, 

the projection of the code phase for the signal is performed differently, 

adhering to pseudorange. The thorough Doppler search becomes less crucial 

as it is determined by the assistance data. The equations for convectional 

signal acquisition is represented in equation (4.1) and equation (4.2), 

respectively. For convectional signal acquisition, the correlated input signal for 

local duplicates and the correlating power for conforming satellite 𝑥 is 

expressed as:  

SAcqu(τx) = |Sτk̂(τx)|
2
                                                                                (4.1) 

                = |axkx(τx) + nx. kx(τx)|2                                                           (4.2) 

The baseband complex signal input and additive noise is represented in 

equation (4.3).  

Sτ = ∑ axkx(τx)Nx
x=1 + n                                                                              (4.3) 

In equation (4.3), the kx(τx) presents the signal vector of the  satellite 𝑥 τx is 

the signal code phase, Nx is the number of the satellite in view or visible 

satellites and n is the additive noise component. In the convectional signal 

acquisition presented in (4.1) and (4.2), the kx(τx) and τx represent the 

convectional signal replica and theorized signal code delay for k satellite.  

In convectional signal acquisition, the peak point of the signal correlation is 

calculated as the code delay of signal from each satellite. The conventional 

signal acquisition estimates the peak position of the correlation as the code 

delay of each space satellite.  
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Hence, the estimation of the additional parameters is denoted by γ̂. These 

vectors include three parameters in the receiver estimation methodology and 

position ( ur, er, nr) and these are parameters of common clock bias 

𝑏𝑟 estimation. Adhering to the proposed CSD approach, the estimation of the 

navigation parameters is carried out through the noncoherent summing of the 

correlating power for all visible satellites. This is also computed for 

conventional acquisition to be performed in clock and position bias domains. 

Hence, the numerical expression will be,  

SCSD(τx) = ∑ |Sτ.v̂(τ̂x(γ̂, Ψ))|
2Nx

x=1                                                                         (4.4) 

 
Where 𝛹  signifies the satellite position vector. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Forecast of the GNSS clock bias domain in CSD.  

The CSD strongly depends upon the concept of the Earth-Cantered   Earth-

Fixed (ECEF) coordinates of the satellite in view with the reference of 

(ux, ex, nx). Hence, the pseudorange measurements for the corresponding 

satellite x   is obtained using the nonlinear relationship between the code delay 

and receiver’s position.  

px =  √(ex − er)2 + (nx − nr)2 + (ux − ur)2   +  Ƈ . ∆β                                       (4.5) 

where:  

• Ƈ . ∆β denote the user clock bias 

The CSD technique combines the received signal power from all visible 

satellites adhering to dual frequencies.  
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4.3. Methodology of CSD application in GNSS signals: 

Combining GPS and Galileo – multiconstellation  

The technique of the CSD uses the acquisition search grid that is defined by 

the 3D position coordinate. The 3D positioning coordinates are used to 

represent the numerical distance between the GNSS receiver and the space 

satellites. Equation (4.5) is used to project the GNSS code delay in the 

correlator output based on the user's clock and position bias domain. 

Recalling, Figure 1.3, the mapping of the signal code delay to the position and 

clock bias to the domain user is presented adhering to the pseudorange 

measurements provided by the reference station. The pseudorange 

measurements seen by the user for the satellite x are: 

ρcs,x =  ρGNSS R,x + ∆ρx                                                                                                   (4.6) 

There are some uncertainties regarding the space related applications, hence 

the clock bias and initial position is cantered and defined in the initial 

knowledge. The pseudorange seen by the GNSS receiver 𝜌𝐺𝑁𝑆𝑆 𝑅,𝑥 is situated 

at the center search space for the satellite x. Hence, the offset range from the 

GNSS receiver is expressed in terms of clock bias and direct position.  

For the hypothetical location and clock bias, the pseudorange is converted 

into a comparable code phase as illustrated in Equation (4.7). 

τ̂x =  
[ρrsx+∆ρx(∆Uu,Ee,Nn,Bb)] c.Tcode

c.Tcode
 . Nc/p                                                        (4.7) 

Where the:  

• τ̂x  is the code phase in estimation for the visible satellite x 

• c. Tcode is the spreading code for GPS signals (the GPS L-1 C/A code) in 

the modulo in operation of τ̂x ∈ [0, Nc/p ± 1] 

• Nc/p is the number of code chip over the given period of time. 

The output of the correlation value corresponding to visible satellites is 

projected from the code phase and the clock or direct position bias. Under 

this view, the code phase is calculated by: 

Cphase(τ̂x) = |Scp(τ̂x)|
2

                                                                               (4.8) 

Where the: 

• Scp(τ̂x) is the correlation output that correspond to the phase code. 



86 
 

This detection matric are used for simulation to represent the correlation output 

that plays crucial role in signal processing of the GNSS receiver under the 

purpose of multiconstellation and signal combining. The collective detection of 

the signal from multiconstellation is achieved through the function of the 

imaginary coordinates and the clock bias.  

4.4. Methodology and data collection  

This section provides the methodology of implementing the CSD technology 

and the data collection for simulation.  

4.4.1. Architecture of the proposed hybrid scheme 

The correlation block of the proposed CSD methodology requires high 

resolution in the final iteration. Hence, the high resolution is avoided in the first 

alteration, and the correlation of one sample per chip is utilized. The individual 

detection metric of all visible satellites and the CSD metric are calculated to 

obtain an estimate of the user position and code for each satellite in view. It 

must be noted that we need at least three satellites to be visible to the receiver. 

This approach is hybrid, which means it accommodates the visibility of 

satellites from different constellations. In this case, the correlation for 

estimated code is performed with four samples per chip   resolution and the 

code phase is shifted with sampling period  Ts for each correlation point.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4.2: The block illustration of the CSD and data processing  
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The implementation of the proposed CSD approach in Figure 4.2, implicates 

the detailed flowchart of the  signal processing that conform to the CSD 

method. In Figure 4.3, the flowchart to describe the detailed three iteration 

steps is shown. In the beginning of the iteration, there is no need of the high 

or better resolution and the correlation of one sample per chip is fair enough. 

The position domain resolution is assumed 1km and the individual detection 

for each satellite in view have the correlation value conforming to the 

predictable signal Doppler frequency and code phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: The flowchart of the CSD iteration steps.  
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In second  iteration: In this case, the new correlation using sequential search 

is adopted and the code phase is performed using the four chips per resolution. 

Hence, the sequential search is carried out between τ1- 
w1

2⁄  and τ2+ 
w2

2⁄  

and both shifted by the sampling time. The detection of the visible satellites 

corresponds to the estimated code phase that is within the region of  w 2⁄  from 

both sides. The fixed Doppler frequency is estimated in the first correlation 

block. Hence, the CSD matric is calculated by adding all correlation values for 

visible satellites and further establish the domain position of 100 m.  

The establishment of the 100 m domain position helps to achieve the medium 

search for grid resolution. Therefore, the new code search is estimated for 

each satellite in view from the CSD correlogram metric. The CSD correlogram 

metric is required for the third iteration. In the last  iteration, the new correlation 

is performed using the sequential search method as shown in both Figure 4.2 

and 4.2. In this case, the finest estimate is required; hence, there are 16 

samples per chip that are used.  

4.4.2. The Complexity analysis 

The critical aspect is to have a good estimate of the code phase during the 

autocorrelation process and further optimize the calculating burden. This 

approach reduces the need for advanced data processing since it uses the 

multi-iteration approach. In this case, the CSD approach is used with the phase 

code resolution of one sample per chip. The numerical operations of all stages 

are: 

First to last stage_operation = N+ℛ𝐹_𝐿[FFT(M)]                                                                                          

ℛ𝐹_𝐿[FFT(M)]+ ℛ𝐹_𝐿[FFT(M)]                                                                     (4.9) 

The equation in (4.9) presents the iteration from the first stage to the last stage, 

and the correlation matrix is computed in the second iteration using the 

sequential search approach. In the first iteration, there are four samples per 

chip. The concept of the sequential search is to ensure that we do not lose the 

correct phase code of the GNSS signal. The correlation output of the process 

will be the results of the incoming signal with the shifted code. 
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 In order to obtain the expression of the standard covariance and deviation 

from the effect of the correlator output, the derivative model of the correlator 

output is required. Hence, a similar concept is further used in the chip domain 

to obtain the bin deviation standards. The Correlator Output Derivatives Model 

is 

𝐼𝐶𝑂𝑅𝑅 =  √
𝑃𝐶𝑂𝑅𝑅

2
 𝑅𝐶𝑂𝑅𝑅(𝜀𝜏)𝐷𝑏𝑖𝑡

sin (𝜋𝜀𝐶𝐹𝑇𝑖𝑛𝑡)

𝜋𝜀𝐶𝐹𝑇𝑖𝑛𝑡
cos(𝜀𝐶𝑃𝐷) + 𝑛𝑝(𝜀𝐶𝑃𝐷𝐸)                 (4.10) 

𝑅𝐶𝑂𝑅𝑅 =  ∫ 𝐼𝑅𝐹
+∞

−∞
(𝑓)𝑆𝑡(𝑓)𝑆𝐿𝑜𝑐𝑎𝑙

∗ 𝑒2𝜋𝐶𝐹𝜏𝑑𝑓                                                                 (4.11) 

where the: 

• 𝑅𝐶𝑂𝑅𝑅 is the correction function for filtered GNSS signal code and the local 

replica 

• 𝜀𝜏 is the measure of group delay per second 

• 𝜋𝜀𝐶𝐹 is the carrier phase Doppler frequency  

• 𝐷𝑏𝑖𝑡 is the sign of GNSS data bit 

• 𝜀𝐶𝐷 is the carrier phase delay  

• 𝑛𝐼𝑃𝐶 is the noise of the in phase signal components.  

• 𝜀𝐶𝑃𝐷𝐸 is the carrier phase Doppler error  

• 𝐼𝑅𝐹 is the front-end filter impulse of the Radio Frequency.  

• 𝑆𝑡 is the nominal GNSS signal filtered at front end 

• 𝑆𝐿𝑜𝑐𝑎𝑙
∗  is the local GNSS signal replica 

Following are the inferences of these mathematical expressions: 

• It has the comparable effect to apply a filter on a multipath signal or to apply 

the filter on the original GNSS signal and the multipath replica 

independently.  

• It has the comparable effect to apply a filter on a correlation function of the 

multipath signal or to apply the filter on the ideal correlation function of the 

original signal and the local replica separately. 

• It has the similar impact to apply a filter on the incoming GNSS signal or to 

apply it on the correlation function in the processing. 

4.4.3.  GNSS signal Acquisition of the CSD technique 

This step determines whether the received GNSS components are visible 

enough to be processed by the GNSS receiver. This is done by generating the 

replica signal locally and correlating it with the received GNSS signal.  
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Based on Figure 4.2, the output of the sequential correlator also provides the 

receiver with the estimation of the Doppler shift, amplitude changes, and code 

delay for further processing. Hence, the concept of GNSS acquisition in CSD 

in Figure 4.2 is done sequentially to test all probable combinations of the 

Doppler shift, code delays, and PRN codes of the incoming signal. The GNSS 

correlation is performed between the incoming and locally generated replica 

signals, and the responses of the Doppler frequency and delay are monitored. 

Hence, the GNSS receiver needs the detailed information of the satellite in 

view during the correlation, and such data are obtained in the incoming signals. 

Testing algorithms: 

The equations are tested and simulated to directly concise to Equation (2.1) 

where the baseband incoming signal is illustrated.  

The estimation of the Doppler frequency: 

𝑓𝑑 =  𝑓𝑑𝑥 + 𝑓𝛿𝑥                                                                                                                     (4.12) 

Estimation of the code delay: from equation (4.7) 

𝜏̂𝑥 =  
[𝜌𝑟𝑠𝑥+∆𝜌𝑥] 𝑐.𝑇𝑐𝑜𝑑𝑒

𝑐.𝑇𝑐𝑜𝑑𝑒
                                                      Recalling equation (4.7)                                                                                                                                                                            

Time Delay Estimation of Multiple Replicas of a Signal 

The goal pursued here is to present an asymptotically efficient approximation 

of the time delays of multiple signal replicas of a known baseband signal 

received wit complete autocorrelation.   

Conditions where equation (4.8) and (4.9) are tested.  

Individual detection metrics:  

𝑆𝑥(𝜏̂𝑥, 𝑓𝑑𝑥)                                                                                                 (4.13) 

CSD metrics in positioning domain: 1st step  

∑ |𝑆𝛿(𝜏̂𝑥 ,𝑓𝑑𝑥)|
2

𝑥                                                                                           (4.14) 

𝐶𝑥(𝑛𝑇𝑠) ……….  (1) One sample per chip                                                (4.15) 

Sequential correlation search for second step: four samples per chip 

LHS = 𝜏1- 
𝑤1

2⁄  , RHS= 𝜏2+ 
𝑤2

2⁄                                                               (4.16) 

The sequential search also applies the following code word bit to the incoming 

signal sample   per chip: 

𝐶𝑥(𝑛𝑇𝑠) ……….  (4) Four sample per chip                                               (4.17)        

CSD metrics in positioning domain: 2nd step  
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∑ |𝑆(𝜏̂𝑥 ,𝑓𝑑𝑥)|
2

𝑥                                                                                                          (4.18) 

Sequential correlation search for third iteration: 16 samples per chip 

𝜏1- 
𝑤1

2⁄  , 𝜏2+ 
𝑤2

2⁄        

 𝐶𝑥(𝑛𝑇𝑠) ……….  16 sample per chip                                                    (4.19)                                                                                             

CSD metrics in positioning domain: 3rd step 

∑ |𝑆(𝜏̂𝑥 ,𝑓𝑑𝑥)|
2

𝑥                                                                                                             (4.20) 

4.4.4. Satellite Data collection  

The data was collected in two different locations; all locations have the full 

visibility of the Galileo and GPS constellations. Figure 4.3 illustrates the skyplot 

of the visible satellites in the view of the GNSS receiver that is capable of multi- 

constellation and multi- frequencies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.4: The illustration of the Galileo and GPS satellite visibility (skyplot). 
 
The GNSS receiver used here is i90 Pro Receiver IMU RTK GNSS Receiver 

that is capable of Wi-Fi communication, UHF communication ranging between 

410 to 470 MHz and integrated with 4G modem. In terms of accuracy, the 

receiver has the crucial followings specifications: Cold start: < 45 s, Hot start: 

< 10 s and Signal re-acquisition: < 1 s. 
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Figure 4.5: Data collection (free and minimum signal obstruction). 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 4.6: Data collection (minimum and maximum signal obstruction).  
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4.4.5. GNSS glAB simulation and   analysis  

In this section, there are two software packages used to analyse the GNSS 

signal processing: the glAB and Matlab. The glAB tool is used to perform 

accurate modelling of the GNSS observables, also known as the carrier phase 

and pseudorange measurements. The functionality of the glAB includes a 

detailed database for processing the GPS and Galileo constellations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.7: The main menu page of the gLAB software for modelling. 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Satellite constellation selection and process configuration. 
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Figure 4.9: The view of the carrier phase ambiguities, skyplot of visible 

satellite and measuring the noise or multipath signal.  

The analysis of the GNSS signals with respect to the parameters of the digital 

GNSS receiver is vital to investigate the impact of the GNSS signal Threat 

Models (TMs). The threat models denoted the phenomenon that is likely to 

occur at the space level if the satellite itself is faulty and is inducing distortions 

and replicas for every emitted signal. Hence, the signal quality needs to be 

tested to detect the satellite errors. Such GNSS testing and monitoring is 

required for GNSS users that require high accuracy, integrity, and availability. 

Figures 4.8 and 4.9 are the analysis menus of the GNSS signal in the glAB 

software; Figure 4.10 is where the satellite constellations and PRN codes are 

selected; in this case, we used both GPS and Galileo constellations and eight 

PRN codes marked red. An approach to investigating the threat models that 

contribute to multipath will ease the correlation function of the GNSS in 

locations with weak satellite signals. 
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Figure 4.10: The configuration of the GNSS inputs for processing. 

In Figure 4.10, the GNSS data processing entries for GPS constellation are 

configured that include the aligning of the carrier phase with GNSS code and 

elimination of the unhealthy signals. 

4.4.6. Challenges in weak GNSS signal acquisition 

It is very challenging to calculate the GNSS parameters in locations with weak 

signals, and this is considered to be a limitation of the high-sensitivity 

techniques, either non-coherent or coherent integration. Hence, in Figure 4.10, 

the mapping for dual frequency in glAB software is illustrated. This is the cross-

correlation of weak and strong signals to mitigate the effect of data messages 

and code Doppler.The detection and processing of the weak GNSS signal is 

difficult in many applications, and the Code Division Multiple Access (CDMA) 

modulation is recommended for such conditions. In the case of the limited 

dynamic range of the GPS C/A code, dealing with the acquisition of weak 

signals and cross correlation proves challenging. The cross correlation is 

highly used in GPS signal and it influences the Frequency Division Multiple 

Access (FDMA) of the Russian system called Glonass. If the GPS L-1 C/A 

signal is without the Doppler and the proper signal alignment, there are three 

probable values in the correlation of that signal, namely: 

• First: 1/1023 and the log scale of – 60 dB autocorrelation  

• Second: 63/1023 and log scale of – 24.21 dB autocorrelation  

• Third: -65/1023 and the log scale of -23.94 dB autocorrelation  
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Doppler is about 1500 Hz and the code delay is 186 chips, respectively. If the 

resolution of the code delay is half a chip along with the Doppler frequency of 

150 Hz, adhering to a code delay of 2046 and a Doppler frequency of 10000 

Hz, the correlation for each PRN will be 2046 x 10000 /150 = 136400 Hz. In 

this context, the Doppler frequency is referring to Doppler frequency residuals 

that describe the difference between the local carrier and received 

frequencies, respectively. Hence, if the GNSS receiver receives the Doppler 

frequency of 1000 Hz and the locally generated frequency is 3000 Hz, the 

difference between them is 2000 Hz, and it will give the same results as 1000 

Hz and 3000 Hz, correspondingly. Numerous acquisition methodologies have 

been developed and embedded in other systems to accelerate the correlation 

process in the context of GNSS signal processing. Most of these acquisition 

methods use parallel searching and are based on the Fast Fourier Transform 

(FFT) statistical algorithms. Hence, the CSD in the context of multiconstellation 

(Galileo and GPS) will be implemented and described in six sequential stages. 

1. 1st Step (CSD Preparation) : The GNSS signal initialisation  

There are inputs parameters of the CSD that need to be defined in the 

preparation step and these inputs are : 

• The uncertainity range of the Doppler frequencies   

This is aligned to the parallel search acquisition method; the number of the 

Doppler frequency bins and standard algorithms secure their resolutions.  

Therefore, the Doppler frequency bin in this context is denoted by 𝑓𝐷,𝑏 and 

estimated using equation (4.21). 

fD,b =
fDx ,max−fDxmin

1

tcohx

=  2fDx
, max × tcohx

                                                             (4.21) 

Where the fDx
, max denote the maximum value of the projected incoming 

Doppler frequency and fDx
min is the minimum value incoming Doppler 

frequency from the specific satellites (in this case is Galileo and GPS). The  

1

tcohx

  is the coherent integration period of the signals.  

In context of the multiconstellation between the Galileo and GPS, the code 

delay blocks are equal to Doppler frequency bins.   

In the Doppler frequency, the period of single block is denoted by tb,single and 

is estimated using the following numerical algorithms 
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tb,single =  
1

2fDx ,max 
                                                                                                              (4.22) 

The number of blocks contain the data samples and the number of samples 

per block is denoted by  NSp/b. 

NSp/b = tb,single × fsa                                                                                                          (4.23) 

∆fr =  
1

tcohx

                                                                                                                            (4.24) 

fsa  Is the sampling frequency and the number of the Doppler frequency bins 

and their resolutions are secured. The resolution of the Doppler frequency is 

denoted by ∆fr. 

• The GNSS coherent integration periods tcohx
 

The GNSS coherent period is the time-domain integration of measurements of 

the series pulse. Hence, it improves the signal-to-noise ratio and reduces the 

effort required for signal processing prior to an approximation of the signal 

properties. The coherent integration times use the GNSS carrier phase and 

are capable of predicting properties like replica carrier phase using the internal 

state algorithms. The sensitivity is reduced to prevent the system from 

detecting minor discrepancies that are insignificant. These coherently 

integrated systems have numerous advantages. Namely; 

• The data wipe off protect the cross-correlation: In the case of a weak signal, 

the receiver will wait and pick up the strong signal, which has a smaller 

pickup compared to the weak signal. 

• Observed GNSS receiver oscillations: The atomic clock of the GNSS 

receiver is linear through the coherent integration period to prevent the 

jitters from corrupting the correlation outcomes. 

• The supported data link is the complete processing of the GNSS signal is 

heavily reliant on the availability of clock data and satellite ephemeris. In 

wireless communications and the processing of the multiconstellation 

signals, there are delays that are expected for several seconds. 

• Vector tracking to protect the cross-correlation:  

During the processing, the GNSS receiver can sometimes switch to a 

vector tracking mode that requires the inter-satellite path correlation for 

modern GPS and Galileo signals.  
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GPS and Galileo. From  Table 4-1  Scl denotes the length of the spreading 

code, N_Sc/C denotes the number of spreading code per signal component and 

ScP is the period of the spreading code. 

4. 4th step: The partial correlation of the separated signals 

In the fourth step, the correlation output is evaluated and computed. The partial 

correlation is between the divided received signal and replica to match the 

length of primary code per samples. The samples of the received signal are 

correlated with the primary zero padded code block and the first half of the 

correlation is preserved. 

5. 5th Step: Application of numerical algorithms (FFT) 

In this step, the numerical algorithm is applied to compute the parameters of 

the incoming signal and replica. Once, the calculation is completed the 

parameters are compared to estimate the signal degradation and further utilize 

the capabilities of the CSD to compensate the attenuated signal. The 

numerical algorithms adhere to the set given for required partial correlation 

outputs and must correspond to the code delay.  

6. 6th Step: Combining the code blocks 

Previously, the replica signals were divided to code blocks to ease the 

computation in the GNSS receiver. In this case, the code block is re-arranged 

while the block of the incoming signal remain unchanged. Hence, the coherent 

integration period is equivalent to the period of the spreading code. 

4.5. Simulation Results and analysis  

In this section, the simulation results and analysis of the CSD between the 

Galileo and GPS modernized signals are provided. The goal of this simulation 

is to study the CSD in multiconstellation environment, improve the signal 

strength using GNSS CSD and further confirm the similarities between the 

Galileo and GPS. Hence, this section will begin with the comparison of the 

signal designs for modern signals. Based on the methodology explained in 

Section 4.4 above, the parallel signal acquisition of the coherent integrated 

data plays the crucial role in improving the signal strength through 

multiconstellation concept. The synthesis is proposed to compare the GPS and 

Galileo signals since the modernized signals have two components and the 

signal power can be distributed equally.  
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Figure 4.13: Cross correlation between Galileo E1 and GPS L-1C. 
 

In Figure 4.13, above, the cross correlation of the GNSS signals for Galileo E1 

and GPS L-1C is illustrated. In this case, both components were acquired; 

hence, the cross correlation was between the pilot and data for each signal 

link, and the codes that identify the GNSS satellite are orthogonal. The data 

and pilot packets during the cross correlation increase at the same rate for 

both signal links, as illustrated above; however, the Galileo signals have 

stronger augmentation systems that boost the signal strength compared to 

GPS. As a result, there is no visible part of E1 data and pilot cross correlation 

at the start. As a result, the isolation of the main peak autocorrelation is 

approximately similar to the isolation of the peak values between data and pilot 

components for both systems. Therefore, the GPS L1C and Galileo E1 have 

similar qualities in the peak of cross correlation, and this confirms that these 

systems are interoperable. 
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Figure 4.14 : Power Spectral Density (PSD) of signals in the L1 band. 

It has been noted in Figure 4.14 that GPS L-1C and Galileo E1 share similar 

characteristics and qualities for acquisition and cross-correlation. Hence, here 

in Figure 4.14, the spectrum of the GSP L-1C is illustrated. Hence, along the 

center frequency, there are similarities between the BPSK for GPS and BOC 

for Galileo applications. Hence, these similarities further ease the operation of 

these systems, provided that the GNSS receiver is capable of 

multiconstellation signal processing. Therefore, these results prove that the 

GPS and Galileo are accessible and share the same frequency links. These 

links improve the signal strength, forward power, reverse power, and receiving 

signal for GPS or Galileo if there are few satellites in view for either of them, 

depending on the location of the GNSS receiver. The issue of poor satellite 

availability is highly experienced in dynamic GNSS receivers, and in such 

conditions, the concept of combined signal detection is helpful. In conditions 

where the GNSS receiver is fixed, the satellites from the GPS constellation 

can become faulty and compromise the signal strength, reducing the number 

of satellites in view. These problems badly affect the required output of the 

GNSS receiver, since it requires more than three satellites to calculate 

accurate Position Velocity and Time (PVT). In such conditions, Galileo 

satellites related to this application will be visible to improve the signal strength.  
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Both GPS L-1C and Galileo E1 are anticipated to use multiplexed binary offset 

carrier (MBOC) modulation for both L-1 and E1 frequency links, respectively. 

The MBOC is utilized for both data and pilot components. Hence, in this 

section, the relationship between the E1 and L1 frequency bands is analyzed 

comprehensively. Furthermore, the impact caused by the signal distortion and 

multipath for pilot and data codes along with the cross-correlation is explored 

to articulate the relationship between the systems. In Figure 4.13, the tracing 

of both data and the pilot component for Galileo E1 using MBOC is illustrated. 

In the poorest situations, the impact of the signal attenuation and multipath on 

the data and pilot codes is examined. In this case, the secondary code and 

data message are similar since both may not affect the outcomes of the study. 

Hence, the GNSS baseband signal presented in equation (4.3) is recalled and 

include the BOC modulation scheme. 

Sτ = ∑ axkx(τx)Nx
x=1 + n                                                                                      (4.25) 

 
In order to introduce and accommodate the BOC modulation scheme, equation 

4.26 is re-written and defined as following: 

𝑠(t) = ∑ a[kx]𝓆∞
x=1 (t − xTc)                                                                    (4.26) 

Where the 

• a[kx]  denote the spreading order for specific satellite in the period of Nn 

• 𝓆(t) denote the code spreading pictogram for the certain duration Tn 

• s(t) is the pseudorange signal or waveform for the period of NTn 

The 𝓆(t) is subjective to the difference or sum of BOC (1,1) and BOC (6,1) 

spreading codes is the signal is for Channel Binary Offset Carrier CBOC (+) 

and CBOC (-) modulation schemes mostly used in E1. Considering the 

combination of E1 and L-1, the MBOC is introduced with two additional 

functions, the Auto Correlation Function (ACF) and Cross Correlation Function 

(CCF). 

s1(t) = ∑ a1[kx]𝓆1
∞
x=−∞ (t − xTc)                                                              (4.27) 

 
s2(t) = ∑ a2[kx]𝓆2

∞
x=−∞ (t − xTc)                                                              (4.27) 

                                                                                                               

The a1[kx] and a2[kx] denote the spreading orders knowns as the PRN code 

sequences. Hence, the CCF and ACF of equation (4.27) and (4.28) is defined 

as following. 
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ℱs1&s2
(τ) =

1

NTn
 ∫ s1

NTn

0
(t + τ)s2(t)dt                                                       (4.29) 

The equation (4.27) to (4.28), are the efforts to describe the results attached 

in Figure 4.14, 4.15, 4.16 and 4.17.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 
Figure 4.15 : Cross-correlation functions of CBOC signals. 

If in Figure 4.15, the value of ℱs1&s2
(τ) is symmetrical and ℱs1&s2

(−1), the 

central section of ℱs1&s2
(τ) will be symmetrical also. This definition allows the 

CBOC signals to be merged with MBOC signals and further obtain the ACF 

and CCF for E1 PRN1 as illustrated in Figure 4.15. The ACF of the CBOC (-

/+) is balanced and the CCF of CBOC (-/+) for both data and pilot components 

are not symmetric because of an asymmetric value of the data and pilot 

components. There is a strongly influence to the GNSS signal bias   in the S-

curve that is caused by the modulation schemes and GNSS receiver design.  

The simulation outcomes illustrate that, an improved data and pilot codes can 

expressively alleviate the impact of signal multipath, signal attenuation along 

the satellite path, intra-channel codes cross-correlation between E1 and L-1 

and further improve the performance in terms of code tracking for MBOC (E1 

and L-1) signals.  
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Figure 4.17 : The Data and Pilot cross-correlation. 

In many cases, the pilot component is modulated using the secondary codes 

to provide the better results for autocorrelation. Hence, the overall chipping 

period is much longer because the bit of the secondary code has the similar 

period to the spreading code more especially for GPS signals. The data 

component for GPS can be further used for satellite identification. There are 

similarities between the GPS L1 and Galileo E1 OS signals if, both are 

modulated using BOC (1,1) scheme.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 : GNSS signals spreading codes correlation. 

 

 

 



108 
 

 

In order to align the local signal codes and incoming signal, the longer 

integration period is required. The data channel CBOC (+) have higher 

gradient along the correlator chip, this is because this is a highly used 

component as illustrated in Figure 4.18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.19: The function of GNSS auto-correlation for Galileo E1B 

bandwidths.  

In Figure 4.19, the spreading codes for GPS and Galileo are illustrated for both 

phase and quadrant components. Hence, the phase modulation is utilized to 

pass the codes from space satellites to GNSS receivers. From Figure 4.19, it 

can be seen that the GPS data component is higher and stronger than the 

phase component because the GPS bandwidth is higher than the bandwidth 

of the data that is being transferred. The purpose of Figure 4.19 is to provide 

knowledge regarding the capabilities (the code and power spreading for 

signals to reach the user) for GPS and Galileo signals. Then, the phase 

measurements can be obtained. In Figure 4.19, the hybrid GNSS receiver 

capable of processing signals from all GNSS constellations—the GPS, 

GLONASS, BeiDou, and Galileo—and their augmentation systems was used 

to obtain code phase measurements for diverse radio frequency 

configurations.  
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However, the interest was only on the autocorrelation for the Galileo E1a 

signal. The GPS and Galileo both use a correlation spacing of 1 sample, and 

in Figure 4.20, the ACF of diverse frequency bandwidths and signal links is 

illustrated. The Galileo 5A passes through the negative change before 

reaching the peak of the controlled ACF, and the peak value is along the 

positive change. These oscillations make it possible for the GNSS receiver to 

recalculate the desired output without delay and integrate the data for GPS 

processing if required. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.20: The function of GNSS auto-correlation for the GPS L1 C/A 

bandwidths and RF end.  

From the comparison of the GPS L1 C/A in Figure 4.19 and the Galileo E1a 

in Figure 4.20, it can be seen that the decrease of the bandwidth causes the 

loss of correlation power along the peak of ACF, and this is evident for the 

Galileo E1a. To avoid this, the GPS is introduced with minimum loss of the 

correlation power, and the introduction of the GPS L-1 in this case further 

improves the sensitivity of the GNSS receiver to track the loops, translating to 

lower noise being detected and measured. On the other hand, the higher 

bandwidths reduce the correlation power losses and make it possible for filters 

to clear the peak of the ACF.  
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During the test, four (4) GPS satellites and four (4) Galileo satellites were 

visible, and Figures 4.19 and 4.20 further show that at least six (6) satellites 

were tracked and their signal-to-noise ratio was estimated by a GNSS 

receiver. The diverse bandwidth values were done, and the maximum of six 

satellites were tracked simultaneously. The satellite visibility was balanced in 

this condition, with three (3) GPS constellations and three (3) Galileo 

constellations. It is assumed that, if the visibility is unbalanced, there will be 

minor changes that are ignored. It is further noted that the estimated signal-

to-noise ratio is lower for lower bandwidth filters; this is an indication that there 

are power losses along the signal filtration process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21: Code and satellite tracking for three bandwidths. 

In Figure 4.21, the distribution of the code tracking error for GPS L1 C/A is 

illustrated for various bandwidths and defined as the signal to noise ratio 

against the space vehicle identifier. The higher bandwidths are generally 

associated lower code measurements. The highest value of the   signal to 

noise ratio was recorded in the bandwidths of 4.2 MHz. 
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Figure 4.22: The GNSS signal acquisition block. 

In the first stage of the signal processing along the GNSS receiver stages, 

there is acquisition block to determine if the incoming signals are from 

multiconstellation and further provide the approximation of the signal Doppler 

frequency and code delay to prepare the signals for further processing as 

illustrated in Figure 4.22. The acquisition block in Figure 4.22, is used to deal 

with GNSS signal inadequacies including the residual frequency errors and 

data bit transitions along the processing.  The performance of the signal 

acquisition is determined using the SNR, the SNR in this context is known as 

the square difference to the mean value of the variable decision in the 

presence of multiconstellation signals. 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.23: Probability of detection when acquiring both component. 
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The results in Figure 4.23 demonstrate the need for acquiring Galileo signals 

in cases of poor GPS visibility and low signal-to-noise ratio using a specific 

acquisition methodology that is resilient to data bit transitions. The probability 

of detection increases as the signal-to-noise ratio increases, similarly for both 

GPS and Galileo. In order to synchronize the GPS and Galileo operations, the 

comparison of the signal-to-noise ratio (SNR) is required to alleviate the issue 

of acquisition degradation due to data bit transition. In the results in Figure 

4.23, it can be seen that the steadily growing probability of detection between 

GPS and Galileo is almost similar, which means the spectral power is also 

almost the same. The SNR is simply derived from the forward power from the 

satellite and the reverse power of the receiver. Hence, Figure 4.23 validate the 

objective of this research work to utilize the capabilities of Galileo signals in 

challenging location for single frequency GPS systems.   Numerous factors 

can influence the SNR, but most importantly are the antenna receiver gain, the 

duration of the integration, and the free space loss along the satellite path. In 

order to remove the influence of the antenna gain, the SNR is standardized 

and taken into account for combined signal detection to designate the quality 

required from four constellations and their augmentation systems. The SNR 

results presented in Figure 4.23 entail the following notes: 

• The SNR standardization and introduction of the CSD shows that the 

influence of the antenna gain and free space losses along the satellite path 

are minimized, hence the signal strength is improved. 

• The SNR of the echoed signals Galileo signal is similar to those of the GPS 

• If the coherent integration time longer about 4ms, the SNR of the Galileo is 

bout 1 – 2 dB lower than those of GPS signals this is likely to be caused by 

the power transmitted and the bandwidth filter of the receiver. Hence, to 

improve the SNR, the coherent integration time must be longer and the 

improved SNR will provide the higher the signal strength at the user level. 

Adding 2 ms of the coherent integration can yield up to 0.4-0.8 dB 

improvements in the SNR.  
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Figure 4.24: The Likelihood of detection for GPS L5 or Galileo E5a if the 

coherent integration period is equal to 1ms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.25: The effect of post – coherent integration on the SNR for GPS L5 

and Galileo E5. 
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Figure 4.25 represents the number of non-coherent integrations needed to 

achieve the 90% probability of detection, assuming a given post-coherent 

SNR. Figure 4.25 shows that in order to achieve an SNR of 3-6 dB, the non-

coherent integration time must be at least 1 ms and multiplied by a factor 

between 2 and 3. The slope in Figure 4.24, for both Galileo and GPS, is 

characteristically constant, and this behaviour is not influenced by the SNR 

outputs as illustrated in Figure 4.25. The SNR values illustrated in Figure 4.25 

are compatible with the sensitivity characteristics of the GNSS receiver. The 

total search duration is comparable to the number of non-coherent integration 

periods in order to obtain the 3dB of the post-coherent SNR. This is opposite 

to the coherent integration; if the number of non-coherent integrations is 

increased, there is no negative impact in terms of the scanning area. 

4.6. GNSS data bit transmission and transition for CSD 

technique  

Galileo and GPS are two systems that were developed differently. The GPS is 

the old system that was further modified to meet the current demands of GNSS 

applications, as it is with Galileo. In this section, the performance and 

capabilities of GPS and Galileo are evaluated. 

4.6.1. Main signal differences  

The designs of the GPS and Galileo systems are different; hence, the signals 

emitted are different also. The key differences between the Galileo and GPS 

signals are the modulation schemes used, the distribution of the relative 

power, the content in the data message, the structure of the data message, 

and the rate at which the data is transmitted. However, these differences are 

compared and brought together in the previous sections to unify the systems. 

4.6.2. The relative distribution of power 

The results discussion above stated that the GPS and Galileo have a similar 

power level in the output of the GNSS receiver and that the power is distributed 

differently between the channels. The power distribution in the output of the 

GNSS receiver directly affects the data message since some of the incoming 

signal is corrupted to the extent that it cannot be recovered. In the results, it 

was observed that the data component has more power to alleviate the impact 

of the noise, attenuation, and multipath. 
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4.6.3. The rate of bit data transmission and transition 

The GPS L-1C has a symbolic transmission rate of 100 symbols per second, 

and the Galileo E1a has 250 symbols per second. Hence, the transmission 

rate of Galileo is 2.5 times higher than GPS' transmission rate. When using 

the CSD presented in this research work, the final stage of signal acquisition 

was to certify that the signal tracking was validated once the correct cells were 

detected. The GPS L-1C and L-1A have the Doppler frequency that is refined 

by the Frequency Lock Lops (FLL), and this does not cause any notable 

problems. The GPS and Galileo have numerous pilot secondary codes, and 

the autocorrelation function for the first code needs to be determined by the 

signal-processing block. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.26 : The GPS C/A range measurements for Channel 1, PRN17 and 

Stream 1. 

In Figure 4.26, the universal chip duration for GPSLC/A code is illustrated. The 

GPS L1 CA has a chip duration that is approximately one (1) microsecond, 

and the GNSS receiver has a misalignment that is around one (1) 

microsecond. Hence, the range error will be above 200 meters and below 300 

meters. The disarrangement between an accurate GNNS receiver and satellite 

should range between 1 and 2 percent of the code chip duration, which will 

result in a ranging error of 3 to 6 meters. 
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Figure 4.28: The code discriminator for GPS C/A. 

The GNSS code discriminator for GPS CA is controlled by the variation of the 

Doppler frequency, tracking loops, code tracking, and carrier tracking if the 

code tracking of the GPS CA is in a clear view condition. If the requirements 

of navigation are met in terms of satellite visibility and without any detectable 

signal multipath, the carrier and code discriminator can provide clear and 

accurate tracking of the incoming carrier and code phase with minimal errors 

over processing time, as shown in Figures 4.27 and 4.28. The satellite user 

dynamics, clock effects, and atmosphere are likely to control the tracking 

loops, and the presence of the secondary signal will cause the tracking loops 

to track the composite instead of the direct signal. 

4.6.4. Elevation angle  

Regarding the elevation angle, the small elevation angle causes a longer 

signal propagation distance along the satellite path, and the longer distance 

leads to signal deterioration. Hence, the elevation angle of 5° is considered a 

minimum acceptable value. In Figure 4.29, three scenarios are illustrated: the 

variation of the signal code, phase, and SNR against the changes of the 

elevation angles. 
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Figure 4.29 : The illustration of the code, phase and SNR against elevation 

angle. 

The spacing scale influences the illustrations in Figure 4.29, as previously 

stated, the recent GNSS network employing high sensitivity and multi-

frequency GNSS receivers. These receivers are capable of handling signals 

in challenging locations with low SNR ratios. In Figure 4.29 (a), it is shown that 

the higher elevation angle has the lower SNR if the scaling is 10.0 cm (blue, 

poor alignment between satellite and receiver), medium SNR if the scaling is 

about 7.1 cm (green, acceptable alignment between satellite and receiver), 

and high SNR if the scale is 0.0 cm (red). Hence, the ideal condition is 0.0 cm 

(red: ideal alignment between satellite and receiver), because the higher the 

SNR, the better the quality of the signal with minimum noise. Furthermore, it 

means there is a better elevation angle between the satellite and receiver. 

4.7. Summary and conclusion 

The goal of this chapter was to propose the concept of CSD If the GNSS 

receiver is capable of multi-constellation signal processing, the interest is 

between GPS and Galileo signals. The concept of CSD has been developed 

and described comprehensively to express the numerical expression and 

further investigate performance based on GPS and Galileo signals.  
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It has been noted that, the signal acquisition and correlation must adhere to 

the design specification of the GNSS receiver.  In this case, the GNSS receiver 

being used was capable of multi-signal processing, and the classical correlator 

output of the CSD was similar to the SNR values. The notable GNSS receiver 

losses appeared because of the following issues: 

• The received signals have high incoming Doppler frequencies. 

• The bit sign transition during signal acquisition 

• The received Doppler frequencies between the dual frequency bins 

There is a possibility of a bit transition on each of the signal components; the 

data and pilot for a spreading code period for both Galileo and GPS. Hence, 

the CSD was proposed to further reduce the inherent performance losses 

caused by the incoming Doppler frequencies. With this methodology, the 

signal losses were improved from 9 dB to 3.5 dB, and these losses were 

expressed in terms of probability of detection and integration time. The 

following chapter of this research, investigate the additional causes of the 

signal degradation in GNSS receivers.  
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CHAPTER FIVE 

Investigating the signal acquisition degradation sources in 
GNSS receivers 

Beside the multipath signal, this chapter provides an additional source that 

contribute towards signal attenuation in GNSS applications. 

5.1. Background 

The main objective of this section is to study and investigate the main causes 

of degradation in GNSS receivers and in terms of GNSS signal acquisition in 

multi-constellation environments. The properties of the GNSS signals from 

Galileo and GPS are studied. In practice, the selected signal acquisition grid 

introduces four major sources of signal acquisition and uncertainty. Hence, the 

existence of the data bit sign transition and the non-compensation of the 

Doppler code are investigated in relation to GNSS receivers capable of 

processing multi-constellation signals. Furthermore, an overview of the impact 

of the signal degradation sources is provided, and performances are computed 

to compare the degradation between modernized Galileo and GPS signals. 

The study is carried out by focusing on the probability of detection in the 

presence of the probable degradation sources. The purpose of this chapter is 

to investigate the sources of signal degradation in GNSS receivers through the 

modelling and analysis of the following. 

• The effect of the code Doppler variations   

• Rate of change of the GNSS Doppler frequency 

• The analysis of the infinite bandwidth and Band-limited case 

• The advanced GNSS signal carrier and code phase tracking  

• The examination of the Chip Domain Observables and the output of 

correlation function  

The results and data obtained in this chapter will be further used in chapter 6, 

to evaluate the performance of the CSD implemented in chapter four.   

5.2. Sources of GNSS signal degradation  

As mentioned above there are three sources of the signal degradation in the 

GNSS receiver along the signal acquisition to be studied here.  

• The ambiguities along the acquisition grid cells 
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• The changes of the spreading code in the received signal caused by 

Doppler code  

• The data bit and bit sign transition on the GNSS signal data component 

This study quantifies the degradation of GNSS acquisition and receiver 

performance, particularly for newly developed GNSS constellations subject to 

the four degradation sources listed above. This work further investigates the 

loss in the probability of detection for each source of degradation that is likely 

to contribute towards signal multipath or attenuation. Hence, the first step is to 

calculate the GNSS acquisition parameters in the receiver and ensure that an 

adequate acquisition is reached. The average probability of detection is 

determined by the existence of the degradation sources. To begin with the 

processing and calculation, the following assumption has been made: 

• The right cell in the acquisition grid is found through the thorough 

estimation of the code delay and Doppler frequency  

• The probability detection of the referencing scenario in the absence of the 

degradation sources is anticipated to be  𝑃𝑃𝑅 = 96% for 28 dB-Hz signals.  

• The probability of the anticipated false alarm for the signal at 28 dB-Hz is 

fixed to  𝑃𝐹𝐴𝐿= 10−3 

The sources of GNSS signal degradation are inclined to the propagation of the 

signal and the complete architecture of all segments involved: the space, 

control, and user segments. Other than the signal multipath that was the 

burning issue of this research work, in this chapter, the additional sources of 

the signal degradation are investigated and discussed. This study 

concentrated on the sources of degradation along the Earth's Ionosphere and 

Troposphere layers.  

5.2.1 Ionosphere Influences 

The ionosphere is the atmospheric layer that is considered to be the richest 

layer since it contains ionized electrons, molecules, and atoms and stretches 

to an approximate height of 50 km above the earth's surface, edging out to 

about 1000 km of space [196] .  
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The ionosphere is exposed to the intensive solar radiation that causes the 

ionization of molecules and the formation of mobile electrons. This flexible 

region is able to grow and shrink depending on solar circumstances. 

Furthermore, it can divide itself into sub-regions that are grounded in the ability 

of the wavelength absorption that results in the existence of the critical link of 

the earth-sun interface [196]. Their wavelength absorption and the electron 

density that is subject to change with respect to location and time, respectively 

describe these ionosphere sub-regions. Hence, radio wave communication at 

100 MHz and below is probable in the ionosphere's atmospheric layer [196]. 

In this case, the space-generated waveform is transmitted to the user through 

the ionosphere layer. The influence of the ionosphere layer to the signal 

waveform is characterized by the variation of the electronics density that 

include the few of the follow several subdivisions.  

5.2.1.1. Location-dependent variations. 

In this case, the largest number of the electronics density is likely to be 

observed between the latitude of approximately 20° to 30° of the north and 

south in the geomagnetic equator [196]. 

5.2.1.2. Variations due to solar activity.  

The variations of the solar activities result to the maximum solar radiations that 

are anticipated to penetrate the atmosphere and upsurge the ionization of the 

molecules in the ionosphere with the periodic coronal ejections [196]. 

5.2.1.3. Diurnal variations. 

The density of the electrons changes with 24 hours (day and night cycle), due 

to the changes in solar radiation [196]. During the nighttime the ionization of 

the ionosphere decrease ominously to the minimum and the maximum 

ionization are reached around 2 P.M in South African time.  

5.2.1.4. Seasonal variations.  

The density of the electrons is subjected to the seasonal changes conforming 

to the diurnal vibrations. This caused by the changes in solar radiations, some 

seasons are hot and rainy such as summer and other are cold and snowy such 

as winter. 
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5.2.1.5. Ionosphere refraction 

The bending of the radio wave from the direct geometric path between the 

space satellite and the ground user is caused by the refractive index of the 

earth, where the high elevation angle is produced compared to the direct 

geometric path [196]. 

5.2.2. Overview of Tropospheric Propagation  

The serious consideration when designing the satellite communicating 

network must be given to the process by which the radio signal waveform 

propagate from the transmitting satellite to the receiving antenna and the radio 

paths are administrated by the relevant atmospheric area where the signal 

passes [197]. As the results without the aid of the atmosphere, the space 

satellite to ground user would have been difficult to achieve.  

5.2.2.1. Tropospheric Influences 

The troposphere is the atmospheric layer below the ionosphere that consists 

of water vapor and dry gases, respectively. The troposphere extends up to 

approximately 8-14 km above the earth's surface and is thought to be the 

denser region of the atmosphere where weather-related processes originate 

[197]. The tropospheric region is anticipated to contain about 80% of the 

atmospheric mass, where the air refractive index plays the foremost role in 

radio wave signal propagation. However, such influences depend upon the 

humidity, pressure, and temperature. Furthermore, the random and non-linear 

processes are caused by the radiation, absorption, convection, and diffusion 

of the water vapor and dry gases in the troposphere.  

5.2.2.2. Tropospheric scintillation  

The scintillation in the tropospheric layer is caused by the instabilities and 

anomalies of the refractive index in the atmosphere; this is expected in the first 

few kilometers from the surface of the ground [197]. The scintillation changes 

with the time and strongly dependent to the elevation angle, carrier frequency 

and the weather conditions. The L1 frequency band is likely to be affected by 

the scintillation. 
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5.2.2.3. Tropospheric path delay  

The path delay in the tropospheric layer of the atmosphere is caused by the 

varying of the corresponding refractive index caused by the signal traverses of 

the densities in the atmosphere [197]. Therefore, the changes in the 

ionosphere as the result of the refractive index results in the signal bending 

and the path delay. 

5.2.2.4. Tropospheric attenuation 

The attenuation is mainly caused by three sources, namely rainfall, water 

vapour and oxygen. All these sources of signal attenuation strongly depend 

upon the frequencies with the larger frequency result in severe attenuation 

[197]. The extent of the oxygen and water vapor signal depend upon the 

content of the water in the atmosphere; while the rainfall caused signal, 

attenuation depend upon the actual amount and the duration of the rainfall. 

5.2.2.5. Doppler shift 

The Doppler shift is caused by the motion of the transmitter in relation to the 

receiver. Hence,  this is called the deferential frequency between the nominal 

frequency of the signal and the apparent frequency [198]. The satellite based 

navigational services such as GPS and Glonass are likely to produce the 

shifted signals due to the space satellite motion in relation to the ground user. 

5.2.2.6. User environment 

The user-based environment effects are referring to the degradation of the 

signal along the communication channel due to the receiver’s location, that 

can be either temporary or permanent. 

5.2.2.7. Shadowing effects 

The user environment can obstruct the signals completely and or some 

partially depending on the location. The shadowing effect is caused by the 

obstructions such as the buildings and mountains that can result to the signal 

blockage and attenuation [198]. The partial attenuation of the signal is 

anticipated to decrease the signal power and increase the level of the noise, 

whereas the complete blockage is likely to affect the satellite constellation 

geometry to the severity. 
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5.2.2.8. Interference and jamming 

The GNSS signals are relatively feeble, due to the long distances between the 

space satellite and the ground receiver [199]. Hence the GNSS signal is 

exposed and vulnerable to the signal jamming and the interferences.  

5.3. Effect of GNSS code Doppler  

The Doppler code is the code frequency that is derived of the Doppler shift of 

the incoming signal and is denoted by fcx,D. The code Doppler depends on: 

• The Doppler shift of the incoming signal   fsx
 

• The central frequency for L-band of the incoming signal   fLx
 

• The code frequency of the incoming signal or the chip rate    fƇ,R 

Following is the definition of the spreading code chipping time. 

 {fcx,D =  fƇ,R x
fLx  +fsx

fLx

}  ⇔ {Tcx,D = TƇ,R x
fLx

fLx  +fsx

}                                          (5.1) 

The chip duration period is Tc,s = 
1

fc,s
  , the local spreading code for the incoming 

signal is  𝑇Ƈ,𝑅 and the unknown value is (Tcx,D). There are differences in code 

frequency that causes variations to the spreading code period. The positive 

code Doppler frequency reduce the duration of the spreading code  fcx,D < Tc,s 

whilst, the negative Doppler shift expand the duration of the spreading code  

fsx
 > Tc,s. The motion of the satellite and local oscillations causes the changes 

in the Doppler frequency. Hence, these conditions affect the state of the 

received signal. The GNSS signal emitted from the space travels through the 

radio propagation channels before it arrives to the GNSS receiver. However, 

the direct path between the satellite and receiver is not the only way for the 

signal to reach the antenna as the wavelength are also called the delta range 

measurements. The signal in equation (4.2) is anticipated to be synchronized 

in frequency, the carrier frequency and the Doppler shift of the received signal. 

Adhering to data sequence 𝑑𝑠, chip code 𝑐𝑐, the pulse that control the changes 

of the chip cT(t), the code in complete data bit Cd and data duration Dt, the 

baseband signal from the space is expressed. 
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ℳ𝑠(𝑡) = 𝑎𝑠{∑ 𝑑(𝑚𝑠)∞
𝑚𝑠=−∞

∑ ∑ 𝑐𝑐(𝑘𝑠)𝑐𝑇(𝑡 − 𝜏𝑠 − 𝑘𝑠𝑇𝑐,𝑠 − 𝑟𝑇𝑃𝑅𝑁 −
𝐿𝑡−1
𝑛𝑠=0

𝐷𝑡−1
𝑘𝑠=0

𝑚𝑠𝐷𝑡) + 𝑤𝑡(𝑡)}                                                                                          (5.2)                                                                                                                                                           

Where cT(t) denote the transmitted signal pulse that is to be filtered by 

precorrelation at filter and the last term  𝑤𝑡(𝑡) represent the thermal noise in 

the baseband signal. The concept of the GNSS synchronization is to estimate 

the carrier phase data 𝛿𝑠 and the 𝜏𝑠 time delay in the amplitude of the complex 

signal 𝑎𝑠 =  𝑎𝑠𝑒𝑗𝛿𝑠. 

The cT(t)  signal pulse is filtered at precorrelation and numerically expressed 

in Equation (5.3) and the GNSS receiver optimum code filter output is 

expressed in Equation (5.4). 

ℳ𝑠(𝑡) = 𝑎𝑠 ∑ 𝑑(𝑚𝑠)ǵ(∞
𝑚𝑠−∞ 𝑡 − 𝜏𝑠) + 𝑤𝑡(𝑡)                                                               (5.3) 

 ℒCF = 𝒫R(−t +  DtLt)+na(t)                                                                                        (5.4) 

The function of na(t) denote the additive noise and the last stage of code filter 

is expressed as: 

ℚCF = as ∑ d(ms)ǵ(∞
ms−∞ t − τs) ∗ 𝒫R(−t +  DtLt) + na(t)                                (5.5) 

Therefore, the changes of the code frequency cause changes to the spreading 

GNSS code period as illustrated in Figure 5.1. This is illustrated over the four 

(4) chip spreading code frequency and three (3) periods. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 5.1: The changes of the GNSS spreading code. 
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The Doppler effect is neglected if the absolute value of the incoming Doppler 

frequency is small. The value of the incoming Doppler frequency depends 

upon the parameters of the incoming signal. In cases of higher Doppler 

conditions, the absolute impact of the code Doppler in signal acquisition is 

substantial. If the incoming Doppler shift frequency is approximately 10 kHz, 

the impact of the code Doppler shift decodes to the spreading code of the GPS 

L1 C/A in approximately 152 ms. The acquisition of the modernized signals is 

anticipated to have a large chipping rate, and the acquisition of the weak 

signals due to distortion and multipath might require longer chip durations. 

Hence, these conditions are difficult to neglect if dealing with signal acquisition. 

In other cases, the GNSS receiver neglects the Doppler code during the 

acquisition phase, and this causes degradation to the correlator output and 

further degrades the capabilities of the receiver. Hence, the local PRN code 

has the insignificant code Doppler. As a result, it is appropriate to discuss the 

effect of the code Doppler for GNSS signal acquisition in terms of probability 

detection if there is no compensation from the GNSS receiver. The effect of 

the code Doppler in GPS L1 C/A signal acquisition is studied comprehensively 

to apply the findings to the new signals of the GPS constellation. In this 

research work, the Doppler frequency is anticipated to be continuous over the 

complete analysis since the highest rate of change for the Doppler frequency 

of the incoming signal is slow, in the order of 1 Hz. Hence, the Doppler 

frequency of the received GNSS signal depends upon the central frequency L 

band, the oscillator quality, and the relative motion between the satellite and 

receiver. 

5.3.1 Generalities on code Doppler effect 

The changes in the code Doppler causes changes to the period of the 

spreading code. The period of the spreading code is illustrated in Table 5-1, 

and the slip of the single chip occurs for both Galileo and the New GPS 

constellation. However, it has been assumed that the Doppler frequency is 

different for different constellations and the synchronization occurs in the 

beginning. Hence, the shift between the local spreading code in the absence 

of Doppler and the received spreading code normally exceeds one chip during 

the correlation process.  
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The GNSS receiver can drop the receiving signal to about -175 dBm if it is 

unable to compensate for such losses. Hence, the design of the GNSS 

receiver is crucial to compensating losses in harsh conditions because the 

signal processing must be proportional to the power levels of the received 

signals. 

5.3.2. Rate of change of the Doppler frequency 

The Doppler effect was demonstrated in [2] by the comparative velocity that 

exists between the GNSS receiver and the satellite constellation and varies 

over time. Hence, to obtain the absolute value of the rate of change of the 

Doppler frequency, the maximum rate or average rate of change is estimated. 

The immobile GNSS receiver for the L-1 frequency link has the following rate 

of change for the Doppler frequency: the average rate of change is 

approximately 0.60 Hz/s and the maximum value of change is about 0.950 

Hz/s, respectively. However, these values are strongly influenced by the 

latitude of the GNSS receiver, and in reality, the rate at which Doppler changes 

is not constant over the period. Hence, if the user is mobile, the average and 

maximum values can be very high. The mobile receiver that is moving towards 

the satellite direction with a gravitational acceleration of 10 is likely to cause a 

Doppler change of approximately 52 Hz/s. Furthermore, the type of orbit 

contributes towards the carrier Doppler shift despite the fact that the 

acceleration of the GNSS receiver is the dominant factor in terms of Doppler 

frequency changes. The GPS L-1 C/A signal link is capable of reaching up to 

65 Hz/s for the GNSS receiver on low orbit, up to 15 Hz/s for medium orbit, 

and 6 Hz/s for geostationary orbit in space. There are requirements to get the 

Doppler observables for all types of GNSS receivers and the Doppler shift from 

the carrier phase for wideband frequency reaction to accommodate all 

dynamics in a GNSS network. The short group delay is also required to obtain 

the Doppler changes immediately. The summary of the sources for GNSS 

frequency offset are shown in Table 5-4. 
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The values in Table 5-5 are used by most designers and adequate for use in 

slow moving objects. In case of the fast-moving object, the Doppler shift is 

assumed to be above ±10 kHz. These values can be influenced by the user 

specification.  

5.4. The Numerical modelling of the signal degradation 
sources and distorted correlation function 
 

The performance of the signal acquisition considering the sources of the 

frequency offset presented in Table 5-5 shows that the aggregate is up to 5535 

Hz, and this is about 96% of the probability of detection for a signal power of 

around 28 dB. To calculate the probability of detection for 28 dB Hz signal 

levels, the Doppler frequency and code delay are estimated and 

accommodated along the frequency offset sources. It must be noted that the 

degradation along the signal acquisition line is inherent to the serial search 

acquisition method. In serial search methodology, the number of cells and the 

estimation of the residual errors determine the acquisition grid and cell width. 

In this section, the mathematical modeling and analysis of the signal 

degradation sources are provided. The approach to modeling the change of 

the spreading code adheres to the parameters of the received spreading code.  

The received GNSS signal in the absence of the code Doppler Effect 

Mk,NDE =  Ck(t)                                                                                                             (5.6) 

The received GNSS signal in the presence of the code Doppler effect  

Mk,DE = Ck ((
fcx,D

fҫ 
+ 1) t)                                                                            (5.7) 

To carry out this research work, an alternative methodology is proposed and 

the spreading codes are assumed to be in a rectangular to express the effect 

of the code Doppler in the received GNSS signal. The PRN code and 𝒵k chip 

of the GNSS signal without the code Doppler Effect is modelled as:  

Mk,No DCE = ∑ Ck(𝒵)x
Nc,k

𝒵k=1
(

T

Tc,s
− 𝒵)                                                                  (5.8)                         

 

Mk,DCE = ∑ Ck(𝒵)x
Nc,k

𝒵k=1
(

T

Tcx,D
− 𝒵)                                                                     (5.9) 
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The investigation of the GNSS signal degradation in the acquisition process is 

carried out between two constellations, GPS and Galileo. Hence, Tables 5-5 

illustrate the similarities between the GPS and Galileo E5 in terms of time after 

the occurrence of a slip for one chip. It is a fact that the code Doppler causes 

the changes in the spreading code duration. Hence, the GPS L-5 C/A and 

Galileo E5a have the shorter pre-slip period in one chip, and the GPS L-1 and 

E1 signals have the higher time before the slip in one chip. The chipping 

frequency of GPS L-1 and E1 is up to 10 times higher than the E5 and L-5 

frequencies. Hence, the signal acquisition of the L-1 and E1 frequency links 

will have rapid changes in the slip in the chips. As a result, the chipping rate is 

defined in equation (5.10), and the code Doppler effect reparation for in-phase 

and quadrature channels is defined in equation (5.10) and equation (5.11), 

respectively. 

fcR
= fx (

fD

fҫ
+ 1)=fx + fsx

                                                                                          (5.10) 

Where the: 

• 𝑓𝑥 denotes the chipping rate in the absence of Doppler  

• 𝑓𝐷 is the Doppler frequency that is affecting the GNSS incoming signal 

• 𝑓ҫ is the carrier frequency without Doppler effect in the signal 

The in phase chanel: 

ICDC(tҫ, τd, fdm) = ĊCDC  ([tҫ −  τd] [
fdm

fҫ
+ 1])cos (2π[fIN−F - fdm] tҫ)           (5.11) 

The quadrate chanel: 

QCDC(tҫ, τd, fdm) = ĊCDC  ([tҫ −  τd] [
fdm

fҫ
+ 1])sine (2π[fIN−F - fdm] tҫ)        (5.12) 

where the: 

• τd denotes the probable code delay  

• fdm denotes the probable Doppler shift 

From equation (5.11) and equation (5.12), d=1 and m=1 whereas, the Nτ is the 

estimated number of the code delays based on the Doppler compensation 

methodology. Hence, the point of the locally generated code samples are at 

the same point with the code of the incoming signal.  
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Figure 5.4: The Doppler, Code phase and C/N0 for correlation envelope. 
 

The signal correlation strongly depends on the spreading code, as it was 

stated in previous chapters. The spreading code that is popular in GNSS is 

selected according to the properties of auto-correlation and cross-correlation. 

Hence, the spreading code is selected to ensure the lowest values of both 

cross-correlation and auto-correlation, not unless the system is designed and 

configured to correspond to the chip code of the incoming signal that is aligned 

with the replica signal.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 5.5: Changes of the Doppler, Code phase and C/N0 for correlation 

envelope. 
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In Figure 5.4, the correlation envelope against the code phase is illustrated 

above. The maximum values of the correlation envelop are reached if the code 

phase is between 350 and 400 chips. As shown in the figure above, if the code 

phase is 400 chips, the Doppler shift is -333.3 Hz and the frequency is between 

40 dB Hz and 44 dB Hz. In Figure 5.5 below the code phase is at about 2900 

chips, the Doppler shift at -666.8 Hz and the code phase   is at 45 dB-Hz. This 

means, as the correlation proceeds, the Doppler shift will become smaller and 

the carrier-to-noise ratio will increase. Hence, to overcome such issues, more 

especially the increase in the carrier-to-noise ratio, the duration of the 

correlation must be kept at minimum values.  

5.4.1. The infinite GNSS bandwidth and limited bandwidth  

Before the analysis of the limited and infinite bandwidths, it is very important 

to evaluate the behavior of the thermal noise in the received GNSS signal. 

There are two options for evaluating the thermal noise behavior: dynamic and 

receiver response modeling. Both are evaluated by verifying the signal transfer 

function of the receiver multi-tracking loop. Hence, the response of the tracking 

loop for multi signal GNSS receiver in presence of the additive thermal noise 

explored.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6: The illustration of the thermal code noise for code error tracking.  

Figure 5.6 illustrates the thermal code noise, also referred to as the code 

tracking error.  
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This is the signal transfer function of the 𝐶/𝑁0 = 45 dB Hz, the 5 Hz loop filter 

bandwidth, and the 180-second duration. The code and phase thermal noise 

have different auto-correlation peak values. Proceeding to the infinite 

bandwidth, this is used to evaluate the behavior of the thermal noise in the 

chips that are in a rectangular shape. The GPS L-1 C/A code is used in this 

case, the carrier frequency is 1.575 GHz, and the chip length ranges between 

280 and 300 meters. The numerical expression to estimate the thermal code 

noise of the infinite bandwidth with the correlator spacing is illustrated in 

equation (5.13). This is the non-coherent integration of an early-late loop. 

𝐵∞
𝑐𝑜𝑑𝑒 =  

𝜏𝑑 𝑥𝐵𝐿𝐹 

2(𝐶/𝑁0)
(1 +

2

𝑇𝑐,𝑠(𝐶/𝑁0)(2 −𝑑𝑐)
)                                                              (5.13) 

The thermal phase noise for the infinite bandwidth is: 

𝐵∞
𝑝ℎ𝑎𝑠𝑒 =  

𝜏𝑑 𝑥𝐵𝐿𝐹 

2(𝐶/𝑁0)
(1 +

2

𝑇𝑐,𝑠(𝐶/𝑁0)(2 −𝑑𝑐)
)                                                                          (5.14) 

The limited bandwidth is used for rectangular signals for GPS L-5, Galileo E5a, 

and E5a. These GNSS signals have a high chipping rate, and the front-end 

GNSS receiver is likely to be exposed in the main lobe of the received signal 

and power spectrum. 

𝐵ℓ=((2𝜋)2𝑥 (𝐶/𝑁0)
𝐵

𝐿𝐹 ∫ 𝑠𝑖𝑛𝑐2𝑐
−𝑐 (𝜋𝑓𝑠𝑥)𝑠𝑖𝑛𝑐2(𝜋𝑓𝑠𝑥𝑑𝑐)𝑑𝑐 𝑓𝑠𝑥

(∫ 𝑠𝑖𝑛𝑐2𝑐
−𝑐

(𝜋𝑓𝑠𝑥)𝑠𝑖𝑛𝑐2(𝜋𝑓𝑠𝑥𝑑𝑐)𝑑𝑐 𝑓𝑠𝑥)
2)                                       (5.15) 

From equation (5.15), c is the band-limiting parameter for limited bandwidth. 

The relationship in terms of limited bandwidth for Galileo E5a, E5b, and GPS 

L-5 makes it possible for these two systems to be integrated to minimize the 

signal multipath and power losses along the satellite path. 

5.4.2. The advanced GNSS signal carrier and code phase tracking  

This section analyzes the carrier and ode phase tracking of the multi-signal 

GNSS receiver while using adaptive gain control. The (AGC) Automatic Gain 

Control is a crucial component of the GNSS receiver because it lowers the 

power losses in the incoming signal. The AGC is here explained in terms of 

time and frequency domains, building up to the code and carrier tracking. The 

time domain makes use of the locally generated replica carrier phase to track 

the carrier of the received signal, the frequency domain, track the noise of the 

received carrier, and further filter the additive thermal noise of the carrier 

phase. 
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 Hence, the precise carrier replica is obtained, and the noise entering the 

bandwidth is controlled. The GNSS receiver used is exposed to multiple 

signals. To control the loop gain based on the different PRN codes and signal 

strengths, the inertia element and the loop gain controlling factor Gc  are 

introduced. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: The loop gain calculation and modelling of the GNSS receiver. 

It has been stated above that the purpose of this chapter is to investigate the 

sources of the signal degradation in the receiver. In figure 5.7 above, the 

Phase Locked Loop (PLL) function integrated into the AGC that is used to 

generate the sine wave for the local carrier phase that is similar to the incoming 

carrier phase. Through observation of the carrier phase generated locally, the 

incoming carrier phase is measured to determine if the PLL is in the lock state.  

In Figure 5.7, the σInc is the incoming carrier phase, σLoc denoted the locally 

generated carrier phase, σError is the loop gain carrier phase error and σPhase 

is the phase error. The PLL uses three numerical stages to track the carrier 

phase of the received signal and compare it to the locally generated carrier 

phase. The first order is used to track the phase dynamics of the incoming 

GNSS signal. The second order of LF is used to phase error neglecting the 

steady state error that is caused by the velocity in relation to the satellite and 

receiver movements.  
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The third order of LF integrated to second order track the inputs of the 

acceleration in relation of receiver and satellite movement neglecting the 

steady state error. The tracking of the velocity and acceleration is shown in 

Figure 5.8 and 5.9. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8: The code filter for GPS C/A: Range, velocity and Acceleration.  

The loop filters are fed with a different phase to filter the thermal noise and 

further generate the control signal for the Numerical Control Oscillator (NCO). 

In the beginning of the observation, the range of the code filter state is high, 

and at about 60 seconds it starts to decline and become steady. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: The carrier filter for GPS C/A: Range, velocity and Acceleration. 
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The NCO is incorporated into the GNSS receiver to transform and adjust the 

local carrier phase to ensure that the local carrier phase is aligned to the 

incoming carrier phase accurately. In this case, the range of the code filter 

state behaves differently. In the beginning, it is at zero, and it increases rapidly 

as the time increases. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: The correlation phase of the signal in the 2nd quadrant for GPS. 

In Figure 5.10, the loop gain is adjusted directly after passing the inertia 

elements to control the level of the thermal noise that contribute towards signal 

degradation at the receiver level. It must be noted that Figure 5.10 shows the 

agreement of equation (5.13) for infinite bandwidth, the  AGC loop filter, and 

the spectral power of the incoming signal. The diversity of the GNSS receiver 

is caused by the differences in data resolution and default configuration. The 

user settings allow the loop gain to be adjusted to match the level of the noise 

in the incoming signal. 
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Figure 5.11: The illustration of the phase lock indicator for GPS C/A. 

The inertia element is responsible for controlling the rate at which the loop 

gains changes. In Figure 5.11, the phase lock indicator is shown. The data 

variation observed in Figure 5.11 will be used to estimate the carrier phase 

error and the discriminator output. The discriminator output of the phase lock 

indicator is further used to compute the possible carrier phase tracking errors. 

To obtain the analysis in Figures 5.10 and 5.11, the discriminator output must 

reflect the locking conditions of the PLL if estimating the carrier phase.  

The adjustment in the loop gain will introduce some disturbances in the 

tracking loop, and it will delay recovering from the locking state. To avoid the 

delay, the inertia is there to adjust the loop gain smoothly in a way that the 

disturbance will be eliminated without being noticed. 

5.4.3. Detection of the new multipath signal  

In the context of CSD, there is a possibility of the additional signal multipath 

that might not be detected since the number of multipath is not fixed along the 

space channels. The multi signals GNSS receiver used is capable of 

estimating additional multipath components after each signal bit transition 

cycle. Hence, in this research work the Generalized Likelihood Ratio Test 

(GLRT) is used to search for the possibility of the new path. The GLRT is 

capable of further updating the refining stage of the GNSS receiver with the 

output.  
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Hence, the GLRT uses tow strategies to determine the threshold of signal 

detection. In the beginning, the GLRT consider the known multipath 

parameters that were previously detected to examine if there is an existence 

of the new path in the incoming signals. Secondly, the least value of the 

multipath parameters is considered as the troubling parameters to detect all 

possible changes in the signal. From the multipath model in equation (5.16), 

the ak, ξk and τk represent the parameters of the amplitude, phase shift and 

time delay all consistent to the Mthpaths of the direct signal path where ak =

1, ξk = 0 and τk = 0. The ξk(t) is the direct baseband for spread code spectrum 

that carries the bits of the navigational data for the correlated signal with the 

local replica of the spectrum spreading code. The model is anticipated to be 

coherently integrated over chip and the sampling rate is  
1

Ts
 and statistically 

expressed: 

𝑦𝑐(𝜏) =  ∑ 𝑎𝑘
𝑀𝑘
𝐼𝑘−1 𝕽(𝜏 −  𝜏𝑘) + 𝑤𝑘(𝜏)                                                                (5.16) 

Where the τ = 0, Ts, … (ℒ − 1) Ts,  ak is corresponding to  Akεjϕk the coefficient 

of the complex path,  𝕽(τ) denote the PNR codes ideal autocorrelation 

function for the specific period or time Tp and the wk(τ) is the function of the 

noise in output of the correlator that is governed by the variance of δk
2. The 

signal multipath parameters are anticipated to be unchanged throughout the 

integration period of the channel and the matrix format is expressed as: 

yk =  Ɠka + wk                                                                                                                  (5.17) 

Where the ykdenote the vector of the sampled signal yc(τ) with the periodic 

length of Nk = 
Tp

Ts
 and the: 

ak = [ a1a2…aM]                                                                                                                 (5.18) 

The vector of the 𝑤𝑘 with the length of 𝑁𝑘 denotes the vector of noise in the 

sampled signal with the matrix of ℜ𝑘 and Ɠ𝑘. Statistically presented by: 

Ɠk= [ℜτ1  ℜτ2…ℜτM]                                                                                                              (5.19) 

This function is further used to express the sampled version of the 𝕽(τ −  τk) 

and is expanded and expressed as: 

ℜτm
 = [ ℜ (0 - τm) ℜ (Ts - τm)… ℜ ((ℒ – 1)Ts  −  τm)T                              (5.20) 
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The synchronization of the GNSS receivers can sometimes be derived using 

the ML principle to the GNSS signal received from the space, regarding to 

phase shift and time delay estimation. The sampled parameters of the GNSS 

signal is anticipated to be separated from the rest of the data so nit does not 

interfere with the periodic data sampling, de-spreading and processing. The 

possibility of the new multipath is denoted by (mk + 1) and these multipath 

parameters are linked to the previous detected multipath components. The 

new multipath components are present if the GLRT passes the threshold 

values of the hypothesis (𝒽1) illustrated in equation (5.21) 

GLRT= 
P(𝒹,ak,m+1,aM

|𝒽1………….âk,m+1|𝒽1) 

P(𝒹,aM|𝒽0………….âk,m+1|𝒽0) 
> γ1                                                (5.21) 

The approach of GLRT support the direct selection of the path parameters 

corresponding to the maximum correlation values. The statistic variable in 

equation (5.33) denote the complex Gaussian random variable performed in 

two hypothesis is shown. 

𝒥s =  𝔸 (0, δm+1
2 )   under hypothesis    (𝒽0)                                                                    (5.22)      

𝒥s =  𝔸 (𝒳m+1, δm+1
2 ) under hypothesis   (𝒽1)                                                               (5.23) 

The algorithm in equation (5.21), is tested under two conditions shown in 

equation (5.22) and (5.23), respectively. This is carried out to detect the new 

multipath component. Recalling the multipath model in equation (2.11), if there 

is a new multipath signal detected, there will be no autonomous relationship 

between the signal components, the amplitude, delay and phase for the peak 

values of correlation.  

 

 

 

 

Figure 5.12: The performance evaluation for GLRT+ CSD and CSD only 
techniques.  
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Figure 5.12 illustrate the comparison between the GLRT +CSD and CSD only. 

The inclusion of the CSD to the GLRT improve the power level of the signal in 

the test results. Hence, the signal can travel over the long distances with minor 

losses anticipated in the process.  

5.5. Summary and conclusion  

This chapter examined the signal degradation in the GNSS receiver caused 

by thermal noise, as well as the advanced signal tracking integrated into AGC. 

This chapter presented the novel of the loop gain control for PLL in GNSS 

receivers to minimize the impact of the thermal noise in the signal. The thermal 

noise in the incoming signal is not the only problem in GNSS applications. In 

chapter four, issues such as signal multipath and distortion along the satellite 

have been addressed by adopting the CSD methodology. Hence, the noise, 

acquisition, and tracking uncertainties, the code Doppler, and data message 

effects were not addressed. The PLL and AGC are integrated to improve the 

tracking function and ensure that there is no or minimum noise that passes 

through to digital processing. The AGC is used to minimize received signal 

amplitude losses; if the incoming signal is completely buried by thermal noise, 

the AGC will measure the noise level and adjust the amplitude of the signal to 

make it compatible with analogue to digital conversion. Chapter six, 

investigate the performance and capabilities of the signal mitigating 

methodology in the context of  multi-signal GNSS receiver as proposed in 

chapter four. 
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CHAPTERS SIX 

Investigating the performance of the CSD and the multi-

signal GNSS receiver 

Chapter six provides the critical aspect of this research work, where the 

performance of the CSD and the multi-frequency GNSS receiver is 

investigated to ensure that the concept will be valuable across the applications 

that use GNSS. 

6.1. Background   

The CSD is introduced and implemented in chapter four. The CSD is designed 

to reduce the impact of a multipath signal if the GNSS receiver is located in an 

area with signal obstructions. In order for the receiver to calculate the satellite 

coordinates at any location and time taken for the signal to reach the receiver, 

the GNSS satellites in space require one or more frequencies to transmit the 

navigation data and the ranging codes in relation to GNSS applications. These 

are crucial parameters to start with when dealing with the architecture and 

processing techniques of the GNSS receiver. The multi-signal GNSS receiver 

is capable of processing the GNSS signal that holds the following main 

components: 

• The signal carrier—from the carrier, the GNSS receiver will be able to 

identify the origin of the signal in terms of frequency band or link and 

satellite constellation. 

• The navigation data – this is a form of the binary coded messages to 

provide the satellite ephemeris data, satellite status and clock bias 

considerations 

• The ranging codes and signal modulation—this is also known as the PRN 

codes—further ease the estimation of signal propagation from space to the 

receiver. This is the spreading code, also called a chip, and it does not hold 

additional data beside the time taken for satellite-to-space propagation. 

The GNSS signals differ in terms of their frequencies, structure, modulation 

technique, availability, and trustworthiness. Hence, if the GNSS receiver is 

capable of multi-signal processing, there will be more data ingress and 

accurate output. This section will present the performance of the CSD, the 

functional block diagram of the multi-signal GNSS receiver, and the multi-

GNSS acquisition and tracking. 
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6.2. The analyses of the GNSS multi frequency and 

constellation. 

This is the capacity of the GNSS receiver to process and handle the multiple 

signals from the multiple satellite constellations simultaneously. The adoption 

of the multi-frequency receiver is the most effective methodology to separate 

the ionospheric errors from the signals. The ionospheric error fluctuates with 

the frequency and structure of the signal. Hence, it affects the GNSS signal 

uniquely. The ionospheric error is estimated by comparing the delay between 

two incoming signals. The interest of the research work is to adopt the CSD 

using multi-frequency receivers, more especially for modernized and new 

GNSS signals for GPS and Galileo. GPS and Galileo use wideband frequency 

links L-5 and E-5a, which provide inherent multipath and noise reduction 

capabilities. In the case of L-5 and E5a, the receiver combines these signals 

to remove the ionospheric error.  Furthermore, the multi-frequency receivers 

are more immune to signal intrusion along the satellite path. On the other hand, 

the multiple constellations ensure that there are numerous satellites in view of 

the GNSS receiver. The rule of thumb is that the GNSS receiver needs at least 

three satellites in view to calculate the desired PVT precisely. The multi-

constellation has the following advantages: 

• The accuracy of the position, velocity, and time calculation is enhanced. 

• The duration for signal acquisition is reduced for all accusation 

methodologies. 

• The propagation difficulties caused by the foliage and buildings are 

reduced significantly. 

• The dilution of GNSS precision is improved due to the enhanced spatial 

distribution of the observable GNSS satellites. 

If the GNSS receiver is capable of handling satellites from a variety of 

constellations, signal redundancy and precision are built into the PVT solution 

(for example, if the propagation of the GNSS signal is blocked due to buildings, 

there is a possibility that the GNSS receiver will pick up the signal from 

alternative GNSS constellation.)  
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The signal spreading codes are known as the PRN, as stated above, because 

of their noise-related properties denoted by their low cross-correlation values 

with other signals and very high autocorrelation values. The GNSS data bit must 

be synchronized with the spreading code duration from the beginning of the 

processing. There may be multiple reiterations of the PRN codes for one data bit 

in the processing in some cases. Hence, the spreading code is likely to be 

generated by the Linear Feedback Shift Register (LFSR). The GPS and Galileo 

satellites have the following spreading codes. 

• The GPS L-1 C/A uses the spreading codes that belong to the gold codes 

and are generated by the shift registers with the length of 1023 chips. 

• The spreading codes of the Galileo E1 signals are stored in the GNSS 

receiver memory and are called memory codes with a length of 4092 chips. 

GNSS assistance is the functionality that is embedded in the multi-frequency 

GNSS receiver to simplify the signal acquisition process. Therefore, the 

estimated PVT solution for the GNSS receiver and the intermediate frequency 

for the front end are provided as an input to the acquisition block. The ephemeris 

assistance is normally provided in a RINEX file format for navigation data.  

Using the ephemeris, the Doppler frequency for each satellite in view can be 

estimated, and it can further assist to narrow the window for frequency search to 

improve the signal acquisition process. The PRN code modulation of the 

traditional GPS L-1C/A signal is called BPSK because the spreading codes are 

in the form of a rectangular shape with a length that is equivalent to the PRN 

code chip. The recently developed GPS and Galileo signal uses a typical 

modulation scheme called BOC modulation because the spreading codes are 

continuously multiplied and are in square wave format. The waveform frequency 

is 1.023 MHz. The significant details of the cross-correlation and autocorrelation 

for GPS and Galileo with the Doppler frequency 𝑓𝐷 between -10 kHz and 10 kHz 

are presented in Table 6-1. 
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Table 6-1: The characteristics of GPS L-1 C/A and Galileo E1 correlation 

function for CBOC modulation scheme 

Doppler                      

Frequency 

[𝒇𝑫] 

GNSS signal 

Autocorrelation  

GNSS signal cross correlation  

 

Galileo E1 

 

 
GPS L-1 

C/A 

Galileo E1 

Identical 

satellite  

Galileo E1 

Diverse 

satellite 

GPS  

L-1 

C/A 

𝑓𝐷 ∈ = 0, -10 

kHz 
-25.39 dB -23.94 dB -26.66 dB -24.49 dB 

-23.94    

     dB 

 𝑓𝐷 ∈ = 0, 10 

kHz 
-23.44 dB -19.18 dB -25.16 dB -22.82 dB 

-19.08 

dB 

 

The GPS L-1 C/A signals have the lowest spreading code adhering to their chip 

number, since the chip length is 10230. The Galileo E1 has the memory code of 

4092 chip. The GPS L-5 signal has a frequency link of 1176.45 MHz with an 

increase of 3.6 dB compared to the GPS L-1 C/A signals. Hence, the chip rate 

of GPS L-5 is high, and it allows for improved tracking performances. The data 

component of the GPS L-5 has a secondary code that is equal to 10 bits, which 

is suitable for one-bit data, and the civil signals of the Galileo and GPS have a 

data bit duration that is much lower than the data bit duration of the GPS L-1 C/A. 

The modernized GNSS signals have the longer spreading code and the 

properties correlation function is improved significantly. The Doppler frequency 

of the Galileo E1 signals ranges between 0 Hz and 10 kHz, with the maximum 

value of autocorrelation being around -23.41 dB, which is 4 dB superior to the 

GPS L-1 C/A for autocorrelation isolation point. The GPS L-1 C/A 

autocorrelation isolation is located at -19.18 dB. The modernized GNSS 

signals have a high data bit duration and data rate, which is also known as the 

binary categorization of the data component for GPS L-5 signals. The dual 

components of the modern GPS signals indicate the adaptation of the modified 

acquisition methodology in the signal structure. The acquisition methodology 

is categorized by the existence of the binary sequence for both components, 

and their data bit period must resemble the period of the spreading code.  
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There are two signal acquisition methodologies that were developed over the 

past few years, coherent and non-coherent integration. The Galileo E1 has 

about 50% of the signal power accessible, which is equal to a loss of 3 dB. 

This research work is interested in the acquisition of the data component only; 

hence, the non-coherent integration is used and illustrated in Figure 6.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: The acquisition block of the innovative GNSS receivers. 

In Figure 6.1, the acquisition of the recently developed GNSS signals is 

illustrated; the incoming GNSS signal is correlated independently with the local 

replica of the data component and the local replica of the pilot component. The 

output of the pilot component will be ignored. It was previously assumed that, 

the probability of bit transition is about 50% for the occurrence of bit 

transition.  The duration of the data spreading must be shorter or equivalent to 

the period of data bit transition.  The bit transition will be different from 50% 

because of the secondary codes on the data component. However, this is no 

longer possible for the modern generation of GNSS signals due to the dual 

components of the signal. 
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6.2.1. Multi-GNSS acquisition 

The adequate numerical algorithms for GNSS signal acquisition are 

comprehensively defined in [200] and [201]. The concept of CSD requires a 

GNSS receiver that will be capable of multi-GNSS signal acquisition between 

the GPS and Galileo signals. The acquisition methodologies for Galileo and 

GPS are similar and make use of the FFT based on the parallel code phase 

search. The multi-GSS acquisition has configurable parameters for the search 

window, the signal threshold, and the non-coherent integration rounds. There 

are two modes that exist in the multi-GNSS acquisition, the aided and unaided 

modes, and the threshold values are configured separately. The Galileo E1 

data and pilot channels have data bits and spreading codes that are between 

3 and 4 ms long. As a result, in order to achieve long non-coherent integration, 

the possibility of bit transition between successive epochs must be 

considered.  

6.2.2. Multi-GNSS tracking 

After completing the multi-GNSS acquisition for all parameters of the received 

signals, the detection of the data bit edges is executed for all satellites in view 

that belong to different constellations. There are separate tracking channels 

for each data bit edge that is detected during the process. If the data bit edges 

are for signals from different satellites, the multi-GNSS tracking will begin with 

the correlation interval for code length. If all signals are from similar satellite 

constellations, the normal signal tracking process will be initiated. The intervals 

for code length are dependent on the system, 1 to 2 ms for GPS and 4 ms for 

Galileo. This implies that the tracking of the GPS signals is done in every 1 to 

2 ms of information, and the tracking of the Galileo is done in every 4 ms of 

information. This is because of the different code epochs in terms of their 

length. 

6.2.3. Multi-correlator tracking 

Two correlator parameters are configurable from default settings to user 

specifications. These parameters are for tracking and monitoring the noise 

level during the signal processing from signal acquisition to correlation.  
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If the detected data bits are from similar satellite constellations, the normal 

correlation will be initiated, and if the data bits are from different satellite 

constellations, the cross-correlation will be initiated. The cross-correlation is 

adequate for a simultaneous signal process. The spacing of the tracking is 

configurable if required, but the default value is 0.25 chips depending on the 

design of the receiver. 

6.3. The acquisition to tracking transition of the GNSS signal  

The signal acquisition is the core step of the signal processing in the GNSS 

receiver, especially if the receiver is exposed to multiple constellations. The 

aim of the GNSS signal is to ensure that the signal tracking is carried out 

successfully and further ensure that the right cells are detected and validated 

against the carrier-to-noise density ratio 𝐶/𝑁0. The GPSL-1C/A is the signal 

that uses the Frequency Lock Loop to estimate the frequency. Hence, the 

Phase Lock Loop is locked. For the recent GNSS signals, the long integration 

period is required for the data component during the tracking process, and the 

secondary code should be acquired from the navigation data. 

6.4. Modelling and results discussion  

In this section, the performance of the CSD is evaluated through a series of 

analyses and discussions. Figure 5.2 depicts the functional block for a multi-

frequency receiver with a focus on GPS and Galileo signals. The GNSS 

receiver illustrated in Figure 6.2 is intended for post-processing of the GNSS 

signal and real-time operation. For simulation purposes, the receiver is 

capable of storing the immediate data obtained from the acquisition and 

tracking to the pre-saved information file for offline processing. 
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The assisted GNSS functionality is dependent on user parameters extracted 

from the pre-saved file system and the optional receiver independent format 

known as RINEX navigation files. These files are used to determine the 

processing of the Intermediate Frequency (IF) to simplify the processing of 

the radio frequency (RF) on the front end. The signal acquisition can be 

performed by means of the IF data that is kept on the file system, if this is 

requested by the user. Hence, the results are stored in the computer memory. 

On the other hand, the signal acquisition can be bypassed by retrieving the 

already stored acquisition data, depending on the accuracy requirement for 

the user. The outcomes of the signal acquisition are similar, regardless of the 

acquisition methodology being used. The results of the signal acquisition are 

passed to the second stage, the tracking stage. The similar options mentioned 

for acquisition are available at this stage, and the output of the tracking is 

passed to GNSS navigation data. At a later stage, the PRN measurements 

are recorded. In this research work, the navigation data and the PRN 

measurements are used to evaluate the satellite availability. For multi-

correlator tracking, the default configuration of the GNSS receiver has two 

correlation fingers used for noise level monitoring and tracking. 

 

 

 

 

 

 

 

Figure 6.3 Probabilities of detection of GPSL-1C and Galileo E1 for data only. 

From Figure 6.3, it is observed that the GPSL-1C and the Galileo E1 have an 

unequal distribution of the signal power and the carrier-to-noise ratio. 
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There are differences between them before reaching 6 dB of of 𝐶/𝑁0. After 

that, the probability of detection is similar and continuous. The probability of 

detection for the data component begins to grow rapidly from the of 𝐶/𝑁0 that 

is between 1 and 1.5 dB, as illustrated in Figure 6.3. The correlator finger 

spacing is configurable based on the user requirements, and the default chip 

value is 0.25. The multi-correlator tracking is the feature that facilitates the 

window search of bit sign, spacing, and output rate at every stage and further 

analyzes the characteristics of the channel. The classic window of the multi-

correlator output of the code delay is about ±3 chips of the received signal. 

The secondary code can only go through the acquisition once the location first 

bit is identified and synchronized with the spreading code. The carrier 

frequency is tracked by the FLL using the frequency error obtained between 

the received and local signals. Hence, this is the classical feedback that 

contains the estimate obtained from the low pass filter and is further used to 

control the numeric controlled oscillator (NCO). During the signal acquisition, 

the local replica is always present. The local replica is situated in the filter and 

is called the "matched filter method," which is similar to the incoming signal. In 

the event that the GNSS signal uses the CBOC (6, 1, 1/11) modulation, the 

local replica will also use the CBOC (6, 1, 1/11). Therefore, a correlation 

between these signals is required. In the search stage, the acquisition 

approach is configured in a three-dimensional format to search the Doppler 

frequency domain, signal code delay and the number of visible satellites 

regardless of constellation The search space for every satellite is determined 

by correlating the code generated locally and the received signal. The satellite 

search space is further used to cover the full range of a possible Doppler shift 

and time delay. The synchronization parameters of all visible satellites, 

regardless of the constellation, are estimated using the maximum power 

generated in the correlation stage. 
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Figure 6.4: The 𝐶/𝑁0 for numerous satellites GPS L1 frequency band 

measured on the receiver. 

In Figure 6.4, the  𝐶/𝑁0 of the GPS L-1C signal for more than three satellites 

is illustrated and measured on the multi-frequency GNSS receiver. The 

observation took about 3 hours and 30 minutes; the  𝐶/𝑁0 measurements for 

every second are represented by the blue print, and the measurements for 

every two minutes are denoted by the red solid lines. From the observation in 

Figure 6.4, it was pointed out that the PRN codes and signal Doppler are 

conserved after the data mixing and decoding stage, and the carrier frequency 

is reduced. 

 

 

 

 

 

 

 

 

 

Figure 6.5: The correlation for visible and invisible satellites to the receiver.  
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The GPS satellite signals are buried in thermal noise at the IF stage, the 

Automatic Gain Control (ACG), and the analogue to digital conversion process 

is carried out in this stage. In Figure 6.5, there are two possible cases that are 

illustrated: (a) the visible satellite and (b) the satellite that is not visible to the 

receiver. The cases in Figure 6.5 (b) are also explained in terms of the SNR of 

the received signal from the satellite with low signal strength that is not 

detectable to the receiver. The maximum correlation power is exceeded in 

Figure 6.5 (a) for the GNSS receiver to detect the signal transmitted by the 

satellite in view. Hence, the established threshold is defined in terms of the 

anticipated probability of detecting false alarms during the acquisition. The 

SNR of the correlation peak is consistently averaged and monitored to improve 

the performance of the signal acquisition. In Figure 6.5, the transition for the 

(a) 1st and (b) 2nd bit signs are illustrated. Because the presence of a very weak 

signal is anticipated, this is a non-coherent integration. Hence, the correlation 

interval is larger than the period data component. 

 

 

 

 

 

 

 

 

 

Figure 6.6: The data bit transition for 1st  and 2nd  transitions during 
correlation function.  

There are effects along the data bit transition and losses caused by the sign 

transition that need to be reduced significantly by enabling the long, non-

coherent integration. The best way to deal with data bit transition issues is to 

randomly choose values between +1 and -1 to square the numerical 

calculations performed during the acquisition period. The GNSS clock offset 

denotes the difference between the actual time and the imaginary time in the 

memory of the GNSS receiver. The GNSS clock offset against specific 

measurement indices is illustrated in Figures 6.6 (a) and (b). 
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Figure 6.7: The GNSS clock offset: Lowest and highest clock offset.  

In figure 6.7, the clock offset retrieved by the GNSS receiver is shown. From 

the observations, there is no significant difference between a multi-signal 

GNSS receiver and a single-frequency GNSS receiver. Figure 6.7(a) shows 

the anticipated clock offset between the GPS and Galileo signals for a multi-

frequency GNSS receiver that is in a clear view without obstruction, and figure 

6.7(b) illustrates the clock offset of the GPS and Galileo signals if the receiver 

is obstructed by foliage. From the observation, it is noticed that there is a leap 

second difference of 14 seconds if the visibility of the satellite to the receiver 

is obstructed. This observation was carried out for 10 hours and updated every 

2 hours. 

 

 

 

 

 



159 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: The illustration of the coherent integration against probability of 

detection. 

When designing and configuring the parameters for signal acquisition, the 

𝐶/𝑁0  maximum ranging between 25-45 dB-Hz is the maximum value targeted 

to reach. Hence, Figure 6.8 and 6.9 illustrate the probability of detection in 

relation to 𝐶/𝑁0 and non-coherent integration period. 

 

 

 
 

 

 

 

 

 

 

 

Figure 6.9: The changes of the  C/N0 due to the changes in detection 
likelihood. 
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The maximum C/N0, the 42 dB-Hz is about 93% of the margin and the in this 

value, the probability of detection is equivalent to one (1) for strong signal 

strength and for weak signals with single frequency, the probability of detection 

will decline and reach about 55% of the margin. 

 

 

 

 

 

 

 

 

Figure 6.10: GPS only and Galileo+GPS+ BeiDou satellite visibility.  

 

 

 

 

 

 

 

 

Figure 6.11: The visibility of satellite constellation (skyplot). 

 

 

 

 

 

 

 

 

Figure 6.12: The number of visible satellites.  
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Figure 6.13: The illustration of the horizontal error for multi- constellation.  

In Figure 6.13, it is further illustrated that, the complete number of the required 

non-integration for Galileo E5a is higher if compared to GPS CA codes, this is 

because, the code phase search for Galileo E5a is about 8-10 times larger 

than those of GPS CA codes. The PRN code length influences the code phase 

search of the E5a.  

 

 

 

 

 

 

 

 
 
 
 

 
Figure 6.14: The Galileo E1 autocorrelation for code Doppler that is equal to 10 
ms.  

There are numerous cases to consider when dealing with the GNSS signal 

acquisition.  
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In some cases, the peak value of the correlation function is attenuated, and 

the acquisition detector used to estimate the GNSS signal parameters 

(amplitude, code delay, Doppler shift, etc.) is likely to not surpass the 

acquisition threshold value and will fail instantly. In Figure 6.14, the possibility 

of the acquisition detector crossing the threshold values is illustrated by the 

black curve of -10 kHz for incoming Doppler frequency. The GPS L-5 is the 

BPSK-modulated GNSS signal and has a quick chipping rate. The correlation 

peak offset of the BPSK is normally moved by one chip more in chipping rate 

for all incoming Doppler frequencies above 2 kHz, and the acquisition 

threshold outcomes encourage the autocorrelation for a specific induced code 

delay. 

 

 

 

 

 
 
 
 
 
 
 

Figure 6.15 : The GPS L-1 C/A autocorrelation for code Doppler that is equal to 

10 ms.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.16 : The signal amplitude variation during autocorrelation.  
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Figure 6.16 illustrates the impact of the code Doppler on the standard value 

for the autocorrelation function. The negative Doppler frequency for the 

incoming signal has the positive code delay induced for GPS L-1 C/A. The 

color cyan represents no Doppler frequency, and the worst scenario is black 

with an incoming Doppler frequency of -10 kHz. For GPS L-1, the amplitude of 

the maximum values is reduced drastically to shift the peak of the induced 

code delay. It can be observed in figure 6.16 that over 150 ms there is a shift 

between 0.75 and 0.82 chip between the incoming signal and the replica signal 

for the Doppler frequency of 10 kHz. The autocorrelation function will reach its 

maximum if the induced code delay is 0.42 chip. As a result, the non-coherent 

integration period must be at least 40 ms long, and the induced code delay for 

the autocorrelation peak must be at least 0.42. The autocorrelation function of 

the GPS C/A codes for various frequencies illustrated in Figure 37 is 

anticipated to have assistance from the Doppler code. Therefore, this defines 

the induced code delay and signal amplitude as obtained autocorrelation 

functions affected by the code Doppler obtained from the diverse Doppler 

frequencies of the numerous satellites in view.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17: The GNSS signal Losses during autocorrelation because of the 

code Doppler changes. 

For BOC-modulated signals, using the autocorrelation function, the signal is 

attenuated along the satellite path and the substantial shift of the code delay 

is identified. 
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 As a result, increasing the Doppler frequency revealed issues with acquisition 

detection for several cells, which could lead to an instant failure. The solid 

orange lines in Figure 6.17 indicate the acquisition grid cell. Figure 6.17 

illustrates the losses on the amplitude of the autocorrelation main peak, and 

these losses are affected by code Doppler. If the incoming Doppler frequency 

is high, there are chances of higher losses in the autocorrelation function. 

Figure 6.17 illustrates the losses in amplitude for modernized signals where 

the signal power varies between the satellites: the GPS L-1 C/A has about 2.5 

dB, Galileo E1a has about 4.6 dB, and the GPS L-5 is approximately 15 dB. 

The acquisition modeling requirements of the BPSK modulated GPS signal 

require the scanning of approximately 4092/0.5 = 8184 code phases along the 

search cells. While a similar spectral power Galileo E1a will necessitate a code 

length of 4092/0.17 = 24552 code phases. The recent GNSS receivers are 

capable of multi-correlation, where the receiver is synchronized with the 

incoming GNSS signals, retrieving the navigation data to calculate the PVT 

solution and generate the GNSS observables or measurements. Recalling the 

equation from chapter three (3), equation (3.17) is the code replica for early, 

equation (3.18) is the code replica for late, and equation (3.19) is the code 

replica for prompt. There are some errors that can pass through the loop filter, 

and those errors are to be computed by the discriminator to recover the 

navigation message if it is corrupted. In Figures 6.18 and 6.19, the correlator 

outputs are illustrated for PRN17 of the GPS CA signal code. 
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Figure 6.18: The illustration of the PDI integrated correlator magnitudes for 

GPS C/A code. 

The integrated correlator magnitude for GPS CA in Figure 6.18 shows variable 

behaviour for all conditions due to its dependence on the nature and properties 

of the spreading code. It was further observed that, the spreading code is 

correlated to its self, since the integrated correlator magnitude varies between 

1 and 2 as shown in Figure 6.18 and this called perfect alignment between the 

satellite and receiver in terms of elevation angle and satellite visibility. For 

misalignment, the correlator magnitude will be zero if the spreading code is 

self-correlated. 

 

 

  

 

 

 

 

 

Figure 6.19: The illustration of the non-coherent power variations for GPS C/A. 
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In Figure 6.19, the ideal signal replicas have been used and the chip delays 

are 0.1, 0.2, 0.3, and 0.4. These chip delays are used for chip spacing to form 

the early and late correlation outcomes. In Figure 6.19, it was also observed 

that if the replica's correlation was without delay, the incoming signal would 

provide prompt results. In Figure 6.20, the 𝐶/𝑁0 ratio the GNSS receiver 

obstructed by the noise and multipath along the satellite path is illustrated.  

 

 

 

 

 

 

 

 

 

 

Figure 6.20 : The illustration of the  𝐶/𝑁0 GPS C/A code over the specific 

period. 

The 𝐶/𝑁0  in Figure 6.20 is ranging between 50 dB Hz and 60 dB Hz, and the 

capabilities of the GNSS receiver used here make it possible to recover the 

navigation message if it is buried in the noise. This is the measure of the range 

between the satellite and the satellite and the impact of the noise in the signal 

carrier. Even though the satellite view is not very good and there are signal 

replicas, the concept of the CSD assisted the receiver in looking for alternative 

signals from space to improve the signal strength. 
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6.5. GNSS satellite availability  

In this section, the satellite visibility is presented for GPS only and GPS plus 

Galileo, this static open sky analysis with live information as shown previously 

in chapter four (Figure 4.4 and 4.5): testing scenarios.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.21 : The GPS satellites availabilty in the area with no obstruction. 

The location of the testing was selected in the manner to ensure that, atleast 

four satellite are visible from Galileo and GPS where the navigation data was 

calculated around 50 Hz frequency. In Figure 6.22 shows, an availabilty 

projection of the GPS satellite only and the receiver was in the best view. 

 

 

 

 

 

 

 

 

 

 

Figure 6.22: The GPS satellites visibility in the area with signal obstruction.  

 

 

 



168 
 

Without destruction, about six GPS satellites were at least 80% visible to the 

receiver. Hence, this is not an ideal situation since some of the receivers are 

dynamic. To cater for such conditions, the receiver location was changed to 

an area with only two GPS satellites that are 80% visible to the receiver. The 

other satellites were visible, but were only about 20% to 30% visible, and the 

weak signals from the poorly visible satellite introduced noise and other errors 

to the receiver. In the condition illustrated in Figure 6.22, it is not possible to 

obtain acceptable navigation data because the visibility and signal strength are 

poor. Hence, this condition is not ideal for GNSS applications; that is why the 

multi-signal GNSS receiver was then introduced in Figure 6.23. 

 

 

 

 

 

 

 

 

 

 

Figure 6.23: The GPS and Galileo satellites visibility in a location with 

maximum signal obstruction.  

The same location of Figure 6.23 was retained, and the multi-signal processor 

was enabled so that the receiver will see other satellite constellations (the 

Galileo constellation). In Figure 6.23, there were two satellites that were 

adequately visible to the receiver; after enabling the multi-signal processor at 

the receiver, three more satellites for the Galileo constellation were visible, as 

shown in Figure 6.24. Hence, the GNSS receiver was now exposed to five 

satellites to process and calculate navigation data. This is the main objective 

of this research work: to improve the satellite visibility and signal strength in 

challenging locations by adopting the concept of CSD, which requires the use 

of a multi-signal GNSS receiver. In Figure 6.23, the satellite visibility and signal 

strength have been improved. Hence, this condition is ideal for all GNSS 

applications, more so in the case of dynamic GNSS receivers. 
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6.7. Summary and concluions 

The purpose of GNSS is to calculate the position, velocity, and time. Accuracy 

and reliability are mandatory in all GNSS applications. Reliability means the 

improved availability of GNSS satellites, good signal strength, reduced signal 

losses, attenuation, interference, diffraction, and multipath along the satellite 

path. Hence, this chapter investigated the performance of the CSD using the 

GNSS receivers that are capable of multi-signal processing. This comes after 

the CSD has been introduced and implemented in Chapter 4, 

and   investigating the sources of the signal acquisition degradation on GNSS 

receivers in Chapter 5. It was observed that there are five factors that can 

influence the reliability and accessibility of the GNSS satellites: 

• The satellite geometry 

• Signal multipath 

• Atmospheric delays 

• Clock errors 

• Ephemeris errors 

Regarding the satellite geometry issues, there is not much that can be done to 

resolve any issues relating to the hardware failure and physical geometry of 

the GNSS satellites. The adoption of the CSD methodology can resolve the 

factors listed above, because if one satellite has a hardware failure or is 

generating an evil waveform, it can be ignored and the receiver will continue 

to search for the visible and healthy satellite. The GNSS receivers used here 

are capable of cross-correlating the signals from the different constellations. 

However, the interest of this research work was the relationship between the 

GPS and Galileo constellations. Furthermore, consideration must be given to 

possible variations in the Doppler shift and the continuous integration of the 

Doppler shift. Regarding the changes and the integration in the Doppler shift, 

there are two types of GNSS receivers: stationary and mobile receivers. The 

Doppler shift is expected to change differently between these receivers 

depending on their location and design specifications.  
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If the GNSS satellite is at its maximum range, the received GNSS signals are 

likely to reach the maximum Doppler shift that ranges from +41/2 to 6 cycles 

per millisecond. This is predictable, due to the constant changes in the Doppler 

shift of the signal. Therefore, the receiver oscillator frequency must be 

synchronized to match the changes of the incoming waveform or signal. The 

Doppler shift and the phase carrier of the incoming GNSS signal are measured 

through the combination of the receiver oscillation frequency and the 

frequency of the received signal. The oscillator frequency is constant and 

generated by the receiver. From the observation and discussions from 

chapters four to six, it was concluded that the adoption of the CSD could 

improve the reliability of the GNSS and further meet the demands of the GNSS 

applications in terms of PVT. Furthermore, the CSD requires the use of a multi-

signal GNSS receiver. Chapters four to six were devoted to the improvement 

of the GNSS' reliability. 
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CHAPTERS SEVEN 

Conclusion and Future Work  

7.1. Background 

Recently, the GNSS has been used in many fields and applications such as 

sport, leisure, transportation (railways, aviation, road, or water), electrical 

industries, agriculture, and banking. The availability of the GNSS signal 

improved as from the year of 2019 due to the introduction of the Beidou and 

Galileo, and it has implied the redesign of the GNSS receivers globally.  The 

modern GNSS signals are different from the old signals, and the old systems 

like GPS were improved to match the requirements of the GNSS applications. 

In many areas of the world, including South Africa, GPS is still used. The 

acquisition of the signal plays a crucial role in GNSS receiver configurations. 

In this research work, the broad study of the GNSS receiver and acquisition 

methodologies for legacy and modernized signals are discussed, along with 

signal tracking. The layout of this thesis was based on achieving the objectives 

and goals of this thesis and further encourage the adoption of the CSD in 

GNSS receivers. The simulations, results and analysis presented in this 

research conform to the thesis objectives and goals. The performance of the 

multi-constellation GNSS receivers in dual mode operation (GPS and Galileo) 

was compressively investigated to prove that, the research objectives has 

been met. The practical work carried out proved the effectiveness of the 

proposed solution (CSD).   

7.2. Chapters synopses  

Chapter one: Referring to Chapter 1, the purpose of this research work was 

to study the GNSS signal degradation, with a high focus on the multipath 

signals, and further investigate the methodology of mitigating the multipath 

signals. Chapter one briefly describes the background of the GNSS signal 

propagation channels and introduces the sources of the signal degradation in 

GNSS applications, as illustrated in Figure 1.1. Furthermore, the power losses 

for indoor GNSS applications are defined and presented in Figure 1.2. The 

objectives and goals for this research are defined in chapter one.  
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The innovative method was proposed in chapter four, the CSD, and it was 

further expanded, analysed, and discussed in chapters five and six. To reach 

the objectives of this research, it was required to evaluate and analyse the 

main source of the signal degradation and attenuation along the satellite path, 

which in this case was GNSS signal multipath. The design of the recent GNSS 

signal is different, as is the modulation scheme. 

Chapter two: The second chapter of this research work presented the state 

of the art of GNSS constellations as well as the design of GNSS receivers. 

Chapter two is a broad and detailed chapter that articulates the architecture of 

the GNSS. The GNSS signal, propagation, processing, acquisition, tracking, 

and modulation are presented in chapter two to provide the reader with insight 

into what is happening to the GNSS receivers. The recent GNSS signals are 

made up of two components: the data and pilot components. The data 

component is the one that carries the navigation information, and the pilot is 

dateless for both GPS and Galileo. The pilot is used for robust signal tracking 

along the processing stages in the GNSS receiver. Looking at the structure of 

the pilot components, it is similar to the data component. However, the data 

component contains the spreading code that is different from the spreading 

code of the pilot component. The secondary code of the data component 

specifies that the code bit must only last for one PRN code of repetition. Hence, 

the splitting of the received signals into two components means the total signal 

power is also divided by 50% for each component. On the other hand, the GPS 

L1C has about a 75% share of the power on the pilot component, meaning the 

GPS L1C does not divide equally. 

Chapter three: Moving on to Chapter 3, the GNSS multipath was described 

in detail, including all possible types. The GNSS signal multipath is defined as 

the scene of the signal reflection for the received signal, and the objects nearby 

the GNSS receiver cause this. The GNSS signal multipath is largely 

experienced in areas with long buildings and trees, and sometimes the 

configuration files are uploaded to the GNSS receiver. In this case, two signals 

reach the GNSS receiver. Furthermore, the impact of the signal multipath on 

the GNSS code pseudorange measurement is discussed here. 
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Chapter four: In chapter four, the CSD is proposed, implemented, and 

discussed comprehensively. The architecture of signal collection is provided 

in Figure 4.3 for different locations to elaborate the concept of signal collection 

in different environments. The recent GNSS receivers are capable of multiple 

frequencies; hence, the CSD was proposed to the GNSS receivers to receive 

and process signals from two constellations, Galileo and GPS. Because there 

are obvious similarities between the Galileo E5a and the GPS L5, this is used 

to address GNSS signal multipath issues at the user level. This research work 

was only interested in GPS and Galileo signals. 

Chapter five: The investigation of other sources that contribute to signal 

degradation was presented in Chapter 5 of this work. Apart from the GNSS 

signal multipath, there are other sources that contribute largely to the signal 

attenuation along the satellite channels. Most of the sources of the signal 

degradation discussed in Chapter 5 can be resolved using differential methods 

that are not similar to the CSD. The sources of the signal degradation here in 

chapter five correspond to the sources illustrated in chapter one figure 1.1. 

Chapter Six: In Chapter Six, the performance of the CSD is evaluated and 

compared to that of ordinary signal detection. The results demonstrated that, 

when a multi-frequency GNSS receiver is used, CSD can be implemented and 

signal multipath is addressed in accordance with satellite availability. 

7.3. The Future Work are Summarized as Follows.  

In line with the results of this research work, numerous questions are being 

raised for GNSS applications, which implies the need for continuous 

investigations. 

• The detailed analysis of the SBAS: These systems are implemented to 

augment the GNSS regionally to improve its integrity and precision. The 

old GPS and Glonass systems were not capable of real-time data 

functions. The concern is that the African SBAS is not comprehensively 

discussed and no further data is being provided at this time. There is a 

strong need for further investigation here to improve the reliability of the 

African systems. 

• The effect of bit-sign transitions on coherent integration times: In chapter 

five, the probability of detection is briefly studied and analysed, and there 
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are assumptions that were made to carry out such studies. The assumption 

is that only one bit-sign transition can occur over the period of signal 

correlation, depending on the type of correlation.  

In the case of GPS L1 C/A signals, the integration times are the dividers of the 

data bit duration. Hence, this can be further studied for coherent integration 

times ranging between 3 to 7 ms for GPS L1 C/A signal links. 

• Improving GNSS signal tracking strategies: The recent GNSS receiver had 

a heavy load processing signals from different satellites. There are two 

main steps here: the acquisition and tracking. The provided acquisition is 

satellite-based, and the pseudorange measurements in the case of multi-

constellation are not similar and need proper processing for accurate data. 

The improved tracking strategies should be developed and aligned for 

multi-frequency GNSS receivers. The fact is, the signals from the recent 

GNSS constellation cannot be tracked using the same method as 

traditional signals like GPS L1 C/A. Hence, the innovative tracking method 

needs to be developed to fully utilize the capabilities of the new GNSS 

signals. 

• Investigate more methodologies for mitigating signal attenuation and 

multipath for indoor GNSS applications: In Figure 1.2, the GNSS power 

losses of the indoor application are illustrated, and there is a huge power 

loss to the signal for concrete walls and roofing. Hence, alternative 

methodologies to deal with these losses must be investigated to improve 

the reliability of the indoor GNSS. For example, in the electrical industry, 

where protection relays and remote terminal units are installed indoors in 

many cases, accurate time synchronization for real-time data monitoring is 

mandatory. Therefore, there is a strong need to investigate new models 

and design a receiver that will be more sensitive to the received signals. 

• Study the de-correlation of the multipath components in subspace systems: 

The incoming signals of the GPS L-1 and GPS L-2 are propagated through 

similar wireless channels under different conditions emitted by the one 

satellite, and they reach the same receiver with a minimum time difference 

in terms of their arrival. Hence, these two GPS signals can be used as two 

branches to diversify the frequencies and enhance the de-correlation of the 

multipath component. 
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